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ABSTRACT
Kate Gleason College of Engineering
Rochester Institute of Technology
Degree: Doctor of Philosophy
Program: Engineering PhD
Author: Hong Guo
Advisor: Dr. Patricia Iglesias Victoria
Dissertation Title: Protic Ionic Liquids as Neat Lubricants & Lubricant Additives to
Nonpolar and Polar Base Oils: Lubricating and Wear Mechanisms of Sliding SteelSteel and Aluminum-Steel Contacts
Friction and wear are unavoidable problems that affect moving workpieces in all
machines, resulting in significant energy and lifespan losses. Researchers have estimated
that almost 23% of the world’s total energy consumption is generated from friction and
wear in mechanical moving parts. The aforementioned energy loss could be reduced by up
to 62% when employing advanced lubricants between the contacting surfaces to increase
the durability and efficiency of working components.
In the recent decade, ionic liquids have shown great potential as high-performance
lubricants and “tailor-made” lubricating additives across different tribological systems due
to their unique properties such as nonvolatility, excellent thermal stability, and electrical
conductivity. However, the study of ILs in lubrication is mainly focused on aprotic ionic
liquids, which are too expensive to be widely used in industry. Also, most of them contain
halogen elements which are toxic to the environment. On the contrary, the synthesis route
of protic ionic liquids is simple and controllable to avoid halogens in their molecular
components.
The core of this work is to provide fundamental knowledge for the molecular design of
more effective and low toxic protic ionic liquids as neat lubricants and lubricant additives.
Taking account of the induced stress and activated thermal energy at sliding interfaces, the
dependence of tribological performance on the chemistry of protic ionic liquids is
systematically investigated. protic ionic liquids with different molecular structures and
ionicities are synthesized and evaluated at different material interfaces. The ionic
conductivity of each protic ionic liquid and the chemistry of the resulting surface reaction
film are characterized to elucidate the chemical changes in protic ionic liquids and their
chemical reactivity at different material surfaces. The varying hydrogen bond strength,
ionicity, and molecular structure of a protic ionic liquid are found to affect its rheological
properties and thermal behaviors, as well as the solubility in base lines with different
polarities. Specifically, the ionicity and ion-pairing effect of a protic ionic liquid are
demonstrated to impact its tribological properties.
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Chapter 1: Introduction of Ionic Liquids in Lubrication
1.1 Tribology
This word ‘tribology’ is originated from the Greek word tribos, which means to rub,
grind or wear away. Since the well-known ‘Jost Report’ was released by the British
government in 1966, the word ‘tribology’ has been widely used and research on this area
has been greatly explored. Nowadays, tribology has been defined as the science and
engineering of interacting surfaces in relative motion, involving the study and applications
of the principles of friction, wear and lubrication [1].
Tribology is a highly interdisciplinary area that is linked with materials, chemistry,
physics and even biology [2]. It is important to understand and control friction, wear, and
lubrication between the interacting surfaces, since a reliable, smooth and long-lasting
operation in a mechanical, electromechanical, or biological system is dependent on the
conditions of friction and wear.
Theoretically, friction is the resistance of one surface or object rubbing against
another; and wear is a progressive damage process of one surface directly in contact with
another, resulting in the formation of material particles or debris that leave away from
the tribological system [1]. In general, adhesion, interlocking of asperities, and surface
deformation of contacting surface will normally lead to the occurrence of friction [3].
Friction may cause a subsequent severe wear accompanied with a large amount of energy
dissipation, leading to an eventual failure of mechanical elements in industry over extended
time. In addition, wear as the major cause of material losses includes sliding wear, rolling
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wear, fretting wear, erosive wear, rolling-sliding or cavitation, depending on the relative
motion between components in contact [4].
In recent decades, friction and wear between the moving workpieces in machines
have been estimated to account for 23 % of the world’s total energy consumption, resulting
in significant lifespan losses. The friction and wear correspond to a globally cost up to
250,000 millions of euros (which is around 277,163 millions of dollars), and lead to 8,120
Mt CO2 emissions [5]. In addition, the impact of friction and wear involves various fields.
For instance, in the global mining industry, the total energy consumption of the mining
activities is estimated to be 6.2% of the total global energy consumption, but 40% of the
consumed energy in mineral mining is used for overcoming friction [6]; and in heavy-duty
road vehicles, the lost energy due to friction in the engine, transmission, tire, auxiliary
equipment, and brakes accounts for 33% of the total fuel energy [7]; what is more, it is
calculated that 28% of fuel energy is used to overcome friction in the engine, transmission,
and tires in passenger cars [8].
1.2 Lubrication Engineering
Lubrication can be achieved by applying lubricants between rubbing pairs to reduce
friction, prevent wear, and improve energy efficiency in practical applications.
1.2.1 Commonly Used Lubricants
The commonly used lubricants can be liquid, such as water, mineral-oil based
lubricants, synthetic oil, esters or fatty-oil based biodegradable oils; or be semi-solid
greases, such as lithium complex, calcium complex, sulfonate complex, graphited greases,
and mixed soap greases; or as solids, such as graphite, molybdenum disulfide, boron nitride,
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tungsten disulfide, and polytetrafluoroethylene [9]. Particularly, nano-scale solid lubricants,
such as nanoparticles (NPs), have been considered as the efficient solid lubricants. In many
research works, to utilize NPs as lubricant additives and components for coatings can
obtain good lubricity or super-lubricity [10].
Liquid lubricants mainly exert their effectiveness in controlling friction, cooling,
and cleaning the contact [11]. Controlling friction as the primary key role of lubricants is
necessary for most industrial applications so that proper selection of lubricants is needed
to achieve optimized lubrication performance. Also, the heat capacity of a lubricant and its
ability to remove contaminants from the tribological system have a significant impact on
the resulting tribological performance. The heat generated from sliding contact motion will
cause microstructure transformation or thermal failure of sliding substrates and accelerate
the aging of lubricants. Therefore, the thermal properties of lubricants or the base stocks
are critical factors when lubricants are applied at higher temperature conditions. Greases
and solid lubricants which are lack fluidity are always applied in industrial machinery for
task-specific purposes, for example, in the roller bearings of road vehicle wheels where the
liquid lubricants are not used conveniently. Since the liquid lubricants possess the benefits
of easy handling, long term endurance, low mechanical noise, and good thermal
conductance [12], the majority of lubricants used in practice are liquid lubricants with
various viscosities and physicochemical characteristics.
1.2.2 The Stribeck Lubrication Model
When a liquid lubricant is placed between two relatively moving surfaces, there
will be a liquid film formed to prevent negative influences along with the movement.
Viscosity, the main property of liquid lubricants, is an important factor in terms of the
3

formation of lubricating film during the rubbing interfaces. Besides, the surface chemistry
of the materials in contact, and the wettability of the lubricant also affect the film formation.
Therefore, the lubrication systems, which work under different operating conditions and
configurations have to be task-specific designed [11].
As an indicator of the lubricating performance, friction coefficient depends on the
operating parameters and the properties of substrate materials and lubricant applied in a
tribological system. The Stribeck curve (as shown in Figure 1.1) is a versatile model to
simulate and explain the lubrication performance [13]. The curve represents the friction
coefficient as a function of the Hersey number calculated from fluid viscosity, load, and
shear velocity [14]. Three lubrication regimes, boundary lubrication, mixed lubrication,
and hydrodynamic lubrication, are visualized in the Stribeck curve.
The boundary lubrication appears when the fluid viscosity and shear velocity are
low but the load is high. The substrate surfaces typically contact closer, where the “stickslip” and break-off of some asperities on the surfaces may take place [12]. The friction and
wear performance is not governed by the bulk lubricant but the contacting thin lubricant
films [3]. So the surface interactions between the substrates and contacting monolayer or
multilayer films of the boundary lubricant are in a dominant position [15]. In this regime,
the lubricant molecules should provide low surface energy and adhere tightly to the
substrate surfaces to avoid being sheared away or they can replace the elements of the
sheared-off lubricant layer quickly [15].
The hydrodynamic lubrication occurs when the lubricant viscosity and shear
velocity are high but the operating load is low. The substrate surfaces are fully separated
by the lubricant film and thus can move without contact which results in low friction. The
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mixed lubrication regime is located between the boundary lubrication regime and the
hydrodynamic lubrication regime. The opposing surfaces are partially separated by the
viscous liquid and the contacted asperities will experience elastic deformation [12].

Figure 1.1: The schematic of a typical classification of different lubrication regimes
[15].
1.2.3 The Advanced Technologies to Reduce Friction and Wear
Nowadays, the friction and wear losses of rubbing surfaces can be reduced up to
40% by applying advanced lubricants, innovative materials, and the novel surface texturing
technologies, which meas the equivalent of savings in the range of 1.00% and 1.55% of a
country’s Gross Domestic Product [16], [17]. Except for the economic consequences, the
usage of tribological advances has crucial environmental benefits. According to Holmberg
and Erdemir [5], around 21.5 EJ energy, 455,000 million Euro and 1460 MtCO2 emissions
can be saved globally by the implementation of new technologies in short term. In the
following sections, surface coatings and surface texturing technologies to reduce friction
and wear of mechanical components are described.
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1.2.3.1 Surface Coatings
Surface coatings is one of the most effective ways to solve the tribological problems
since many engineering component failures have a relationship with the surface properties.
The use of coatings changes the tribological systems through increasing the surface
hardness, changing the surface roughness, and modifying the surface chemistry [18]. All
of these factors contribute to the superior tribological performance, such as friction
reduction, wear, and corrosion resistance of the surface regions. Meanwhile, the original
properties of the substrate can be maintained to provide high strength and toughness. Some
deposition methods such as thermal spray, physical vapor deposition (PVD), chemical
vapor deposition (CVD), electrochemical deposition etc. are normally applied by
considering the tribological applications. For example, ceramic coatings such as TiN [19],
[20], TiAlN [21], WC/Co [22], [23] etc. can be deposited as a thin layer on cutting tools or
in some mechanical components to reduce wear. In addition, surface coatings in nanoscale,
for example, nanolayered coatings have been reported to further improve the tribological
performance [24]–[26]. In the recent study [27], MoS2 nanosheets and graphene exhibit
excellent anti-wear performance where the wear reduction gets up to 92.9% compared to
the pristine sample.
1.2.3.2 Surface Texturing
Surface conditions including surface roughness and surface topographies of
moving components have an important influence on both friction and wear. Surface
texturing which builds up the component surfaces with properly designed dimples or
grooves on micro- or nanoscale bring significant advantages in reducing friction [5], and
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controlling the replacement of mechanical components. These surface textures may act as
lubricant reservoirs and wear particle receptacles [28] to reduce friction and wear. In [28],
frictional tests were performed using a pin-on-disk tribometer with an aluminum-steel
contact, where the surface of aluminum 6061-T6 disk was modified with micro-scale
dimples created by modulation-assisted machining. The textured surfaces accelerate the
appearance of the elasto-hydrodynamic regime, and bring a friction and wear reduction of
56% and 90% respectively compared to that with untextured surfaces. In practice, the
surface texturing is mostly applied in mechanical components like piston rings, thrust
bearing or face seal [29]–[33]. The study in [34] shows that the partial laser surface textured
piston rings could reduce the fuel consumption by 4% in engines without traceable change
in the exhaust gas composition or smoke level.
1.3 Ionic Liquids in Lubrication
Ionic liquids (ILs) are organic salts but can exist in liquid state at low temperature
[35]–[37]. Ethylammonium nitrate [(C2H5NH3)NO3] presented by Walden in 1914 is
discovered to be the first IL with a melting point of 12°C [38]. However, it was not until
the 1970s that the study of ILs is developed. Since then, the research focusing on ILs has
gained increasing attention and have been utilized for numerous applications such as
effective solvent for organic or photochemical reactions [39], [40], catalyst and reaction
medium for synthesis reactions [41], [42], electrolytes in batteries or solar cells [43], [44],
and carbon and carbon dioxide capturing [45]–[48]. In the tribological field, ILs have also
attracted considerable attention as being effective, and environmentally friendly lubricants
or lubricant additives since been explored for lubrication in 2001 [49].
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ILs are typically composed of organic cations and either organic or inorganic anions,
where come normal IL molecular structures have been illustrated in Figure 1.2 [50] [51].
The large molecular size of ILs and the delocalized charge of one or both ions will reduce
their electrostatic force and prevent the formation of a stable crystal structure, showing a
low melting point [52], [53]. The unique structures of ILs make them possess many
advantageous properties, such as negligible volatility, high thermal stability, low
flammability, and reasonable viscosity-temperature behavior [49], [54] which allow them
outperform traditional lubricants or lubricant additives. ILs are highly tunable to satisfy
some specific tasks since they can be tailored by varying cation structures, anion structures
or both to meet specific engineering and manufacturing requirements [55]–[58]. However,
since there are too many combinations available for ILs, it is necessary to investigate their
lubrication performance systematically for a specific application [59].

Figure 1.2: Typical IL molecular structures [51].
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In particular, the property of non-volatility not only makes ILs perform as a “green”
alternative to many of the hazardous synthetic lubricants that are currently in use in
industry [60], but also expands the application of ILs in high vacuum systems. The terrific
thermal stability of ILs can also contribute to their application in high temperature
environments under which the synthetic lubricants are easy to decompose. In consideration
of the lubricant storage, the non-flammability of ILs is a very significant factor. The
viscosity behavior will influence the load-carrying capacity of ILs as well as the generation
of lubrication film. In addition, the inherent polar nature of ILs will also contribute to the
film formation due to the adsorption of IL molecules to the sliding surfaces [61].
By convention, ILs can be widely classified as aprotic ionic liquids (AILs) and
protic ionic liquids (PILs) according to the nature of cation included in the combinations
[62]. AILs can be synthesized through quaternization or alkylation of amine or phosphine
base to form the cation, and then generate the target AIL with a metathesis reaction (anion
exchange). While, the PILs can be simply synthesized through proton transfer from a
Brønsted acid to a Brønsted base [63], [64]. Figure 1.3 shows the difference in synthesis
of AILs and PILs. Meanwhile, the advances of AILs and PILs as neat lubricants or lubricant
additives are reviewed in the following sections.
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Figure 1.3: Synthesis routes of AILs and PILs.
1.3.1 Ionic Liquids as Lubricants
In 2001, Ye, et al. [49] initiated the study of ILs in lubrication and discovered the
better tribological properties and higher load-carrying capacity of imidazolium-based ILs
(1-methyl-3-ethylimidazolium

tetrafluoroborate

and

1-ethyl-3-hexylimidazolium

tetrafluoroborate) compared to the traditional lubricants phosphazene (X-1P) and
perfluoropolyether (PFPE) in different contact systems including steel-steel, steelaluminum, steel-copper, steel-SiO2, Si3N4-SiO2, steel-Si(100), steel-sialon ceramics and
Si3N4-sialon ceramics. The enhanced tribological performance of the imidazolium-based
ILs is attributed to the boundary lubricating film that formed on the moving surfaces,
avoiding the direct contact between moving surfaces. Since then, the studies about ILs as
neat lubricants for various contact systems become popular. Among them, the steel-steel
and steel-aluminum systems have the majority of the interest compared to polymer-steel
[65], titanium-steel [66], [67], sapphire-steel [68], or cooper-cooper [69] .
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In contrast to AILs, the study of neat PILs in lubrication is gaining more attention
recently due to their simple synthesis route and controllable design in chemical components
and molecular structures. In Vega et al.’s research [56], the tribological performance of
PILs as neat lubricants was assessed at a steel-aluminum contact. The results confirmed
that the ammonium-based PILs with a longer chain length in the anionic moiety will
enhance its lubricating ability with a low friction coefficient. In addition, Vega et al. [70]
also studied the wear-proof performance of the ammonium-based PILs that are derived
from oleic acids under a alumina-aluminum contact. A remarkable wear reduction of 98%
was obtained when the neat PILs are present in the lubrication system with respect to the
dry condition. Kondo et al. [71] created three PILs containing long-alkyl-chained
ammonium cations with long-alkyl-chained perfluoro alkoxide, carboxylate, or sulfonate
anions. All of the PILs have good thermal stability, and showed lower friction than the
commercially available lubricant Fomblin Z-DOL. In Espinosa et al. ‘s study [57], the
tribological performance of a series of ammonium-based PILs involving different
carboxylate anions was investigated under copper-copper contacts. The sliding frictional
tests showed that the use of PILs led to the friction coefficient and wear rate following the
order of di-[bis(2-hydroxyethyl)ammonium] adipate < bis(2-hydroxyethyl)ammonium
salicylate < 1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide < PAO. The
better tribological properties of PILs were ascribed to the hydrogen bonds existing between
the hydroxyl substitutes of ammonium groups and sliding surfaces.
The use of neat PILs can greatly improve the lubricating ability and anti-wear
properties of the contact materials. While, the superior anti-wear functionality of neat PIL
has been demonstrated when PIL is used as a thin-film. In the study of Bermúdez et al.
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[72], di[bis(2-hydroxyethyl)ammonium] succinate was created as a thin-film on a steel
surface by evaporating water from its PIL water solution (PIL+H2O). The use of PIL thinfilm significantly reduced the wear rate of the steel substrate compared to that of the neat
PIL.
1.3.2 Ionic Liquids as Lubricant Additives
Although the research of ILs in lubrication has proved their excellent tribological
properties including friction modification and wear resistance, the further applications of
ILs used as neat lubricants still have limitations given that their expensive cost and the
potential corrosion which may lessen the lifetime of mechanical components. At the same
time, because of the huge amount of lubricants consumed during manufacturing, the cost
of replacing commercial lubricants such as mineral oils or synthetic oils with ILs,
particularly AILs, is not affordable for most of the consumers [73], [74]. In order to break
through the bottleneck of ILs applied in lubrication, some researchers proposed an
alternative solution that is to use the mixture of ILs with certain concentration in other
lubricants. Actually, the use of ILs as lubricant additives have been examined and proven
as an effective way to adjust friction and reduce wear loss under different tribological
parameters and sliding systems [75]–[81].
In the study of Jiménez et al. [82], a series of imidazolium-based AILs were tested
as additives with a concentration of 1 wt.% to the paraffinic-naphthenic mineral oil under
steel-aluminum contacts. The AIL additives are believed to adsorb readily to the contact
surfaces to form effective lubricating films, where the use of AIL-blends exhibited a similar
or lower friction coefficient than that of neat AILs, and the wear rate of the sliding substrate
was lowered several orders of magnitude using AIL-blends compared to neat AILs.
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Particularly, no tribo-corrosion was observed using AIL-blends. Barnhill et al. [83]
investigated the effects of the cation structures (cation symmetry and alkyl chain length)
on the solubility of phosphonium-based AILs in oils. The experimental results showed that
the larger cation size, the higher solubility of ILs in nonpolar hydrocarbon oils (the alkyl
chain should contain minimum six carbons to satisfy its high oil miscibility). The AIL with
symmetric-cations outperformed the one with asymmetric-cations in terms of wear, and
the AILs having symmetric-cations were assumed to have a better mobility in the base oil
to interact with the metal surfaces and generate the protective boundary lubricating film.
Moreover, some kinds of phosphonium-based AILs have been characterized to display
synergistic interactions with traditional additives ZDDP in hydrocarbon oils [84], or GTL
base oil [85] to enhance the anti -wear property of lubricants.
A series of PILs having dodecyl-ammonium cations with S-(1-carboxylpropyl)N,N-dialkyldithiocarbamate anions were introduced by Zhao et al. [86], where the alkyl
group was either ethyl, butyl, or octyl. Under the steel-steel contact, the tribological
properties of these series of PILs used as lubricant additives were examined. All three PIL
mixtures displayed outstanding anti-friction and anti-wear behavior. Meanwhile, the PILs
also considerably enhanced the capability of extreme pressure of the base grease. The XPS
analysis confirmed the tribo-chemical reactions that happened during the frictional process.
A tribological film composed of FeS and organic compounds was formed on the lubricated
metal surface to protect the surface from further wear.
In a study of Espinosa et al. [68], the authors used PIL bis(2hydroxyethylammonium) succinate as neat lubricant and lubricant additive to water with a
1 wt.% concentration during the sapphire-stainless relative motion The results showed the
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usage of PIL as additive to water can significantly reduce the running-in period and present
lower wear loss and outstanding lubricating performance with an ultra-low mean friction
coefficient of 0.02. Compared to water, the friction coefficient was decreased up to 97%
by using PIL blend, which was higher than the reduction achieved by using neat PIL.
Recently, Barnhill et al. [87] investigated the tribological properties of a series of
aprotic and protic ammonium-organophosphate ILs as additives in nonpolar hydrocarbon
oils under steel-cast iron systems. The PILs exhibited a higher solubility than AILs due to
the hydrogen bonding between the PIL ammonium cations and organophosphate anions.
In addition, the PIL [N888H][DEHP] exhibited a better friction-reducing and wear-proof
performance than the two AILs, [N8888][DEHP] and [N8881][DEHP]. A 350 nm-thickness
tribo-film in a double-layered structure was found after comprehensive characterizations
through SEM, TEM and XPS on the worn cast iron surface treated with the PIL. The top
layer of the tribo-film is composed of iron phosphate and iron oxides, while the second
layer is mainly made up of iron oxides.
Generally, after studying the lubrication mechanisms of PILs in various lubrication
systems, either used as neat lubricants or lubricant additives, it is widely accepted that the
PIL molecules, due to their polar nature, have a propensity to physically or chemically
absorb onto the working component surfaces, forming a protective boundary lubricating
film between the working pairs to reduce friction. Subsequently, the PIL or its decomposed
products will react with the component elements of the metal materials during the frictional
process to generate a tribo-film on the rubbing substrates to reduce wear [51].
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Chapter 2: Objectives
2.1 Overview
Ionic liquids (ILs) are a class of salts with melting points below 100C. In the recent
decade, ILs have shown great potential as high-performance lubricants and “tailor-made”
lubricating additives across different tribological systems due to their unique properties
such as nonvolatility, excellent thermal stability, and electrical conductivity [49], [54]. The
superiority of ILs in lubrication can be attributed to their inherent polarity which can make
them form stable ordered layers in liquid state on metal surfaces to prevent them against
contact; and the reactive elements in ILs can react with the substrate materials to generate
a tribo-film to protect the substrate from wear.
Most of the ILs currently used in lubrication are aprotic ionic liquids (AILs), a
subset of ILs, having been widely studied for more than a decade and proved their great
potential as being used as high-performance lubricants and additives [88]–[92]. However,
their wide implementation of AILs in the general engineering lubrication system is limited
due to the involvement of halogen elements in their chemical components and the high cost
of their preparation process. According to the previous literature, most of the AILs used in
lubrication contain halogen elements such as fluorine or chlorine, which can easily form
toxic hydrofluoric acid or hydrochloric acid, when exposed to the moisture atmosphere,
and corrode severely the metal workpieces. In addition, the complicated synthesis route as
well as the extra low vapor pressure of AILs make them difficult to be purified which in
turn leads to an increase of the cost of the AILs [93][94].
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In contrast to AILs, the synthesis of protic ionic liquids (PILs), which are another
subsets of ILs, is simple and controllable to avoid halogens in their molecular components.
The facile synthesis route of PILs has been shown in Figure 2.1 where a PIL is easily
obtained through the proton transfer from a Brønsted acid to a Brønsted base. Given the
simple synthetic route, PILs can be designed and prepared avoiding halogen elements in
their synthesis process and chemical components. The structures of PILs can also be
tailored by changing cations, anions or both to satisfy specific requirements in different
lubricating systems [55]–[57], [95]. Therefore, PILs are not only low-cost and low-toxic,
but also have a wide range of excellent properties and tunable structures, which make them
ideal alternatives to AILs.

Figure 2.1: The schematic of synthesis route of PILs.
Taking into account of the environmental awareness and ever-growing restrictive
regulations over contamination, halogen-free PILs are in great need as neat lubricants and
lubricant additives. As can be seen in Figure 2.2, there are two aspects having been
considered prior to the selection of the optimal chemical reagents for preparing new PILs
in this study.
First of all, for a PIL, although the proton is expected to transfer completely from
the Brønsted acid to the Brønsted base, in reality there is a transition equilibrium between
the neutral species and producing ions [96]. What is more, the Brønsted base and acid can
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be strong or weak, where different combinations will alter the chemical reaction
equilibrium and consequently results in different lubrication effects. From another point,
carboxylic acids and alkanol amines are found to exhibit good tribological performance
when used in lubrication systems. So, what if they work together in a tribological system?
The answer will help us to understand the lubrication process from a chemical perspective.
In addition, to investigate the lubricating mechanism of PILs as neat lubricants and
additives is a very important task that would help us to choose the appropriate PIL under
certain application environment.

Figure 2.2: The potential problems in designing new PILs.
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Accordingly, the ultimate goal of this research is to provide fundamental
knowledge for the molecular design of more effective and lower toxic PILs as neat
lubricants and lubricant additives in order to reduce friction and wear of mechanical
components. Figure 2.3 shows the overview of the dissertation research plan.

Figure 2.3: Overview of the dissertation research plan.
To accomplish this overall goal, the following objectives are investigated:
1. Ionicity, thermal behavior, and viscosity of neat PILs and their solubility
and stability in non-polar and polar base lubricants. In this section, different families
of halogen-free PILs with various molecular structures and ionicities are synthesized. The
relationship

between

molecular

structures
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of

PILs

and

their

corresponding

physicochemical properties are discussed. Also, the effect of PIL structure on the
miscibility of PILs in base lubricants with different polarity is examined.
2. Tribological properties of PILs as neat lubricants and additives in different
base stocks under steel-steel and aluminum-steel frictional pairs. In this section, the
dependence of tribological performance on the chemistry of PILs is systematically
investigated, and the relationship between PIL structures and their friction and wear
behaviors are analyzed.
3. Wear mechanism and surface interactions of the worn disks after treated
with different lubricants. In this part, the wear morphologies of sliding surfaces after
lubricated by different lubricants are observed, and the wear mechanism of different disks
and the surface interactions between PILs or PIL-Oil blends with different rubbing
materials are studied.
2.2 Broader Impacts
This research will advance the current state-of-knowledge on the lubricating and
wear-proof ability of PILs as lubricants and lubricant additives. PILs with different
molecular structures and ionicities are evaluated at different material interfaces. The
experimental results provide a better understanding of the ionic conductivity of each PIL
and the chemical changes in PILs and their chemical reactivity at steel and aluminum
surfaces. The findings in this research will provide a clear guideline to help engineers
design new high-performance and low toxic PILs as lubricants and additives to effectively
reduce friction and wear of mechanical components and prolong their service life. The new
advances in lubrication would help U.S. save the consumption of energy, consequently
lower carbon dioxide emissions, and significantly reduce the economic losses.
19

Chapter 3: Experimental Approach
The main objectives of this research have been introduced in chapter 2. In order to
understand the fundamental interrelationship between molecular structures of PILs, their
corresponding physicochemical properties, and the resulting tribological performance, a
series of experiments are well designed and shown in Figure 2.3.
Chapter 3 clearly states the experimental setup and the testing process to prepare
different families of PILs; measure the ionic conductivity of neat PILs; collect data of
viscosity versus temperature; characterize the thermal behavior of PILs, and observe the
miscibility and stability of PILs in different base lubricants.
3.1 Preparation of PILs and the Selection of Base Lubricants
3.1.1 Chemical Reagents of Protic Ionic Liquids
As I mentioned before, PILs can be easily obtained by combination of a Bronsted
acid and a Bronsted base. Due to the ever-growing restrictive regulations over
contamination, the PILs without halogens in their molecular components are considered
excellent candidates in lubrication. Take these into account, three hydroxyalkyl-amines
(with

only

Nitrogen,

Oxygen,

Carbon,

and

Hydrogen)

ethanolamine,

N-

methylethanolamine, and N, N-dimethylethanolamine with differing basicity are selected
as the Bronsted bases. Meanwhile, three organic acids, weak 2-ethylhexanoic acid, and two
strong acids with varying alkyl chain length, p-toluene sulfonic acid and 4dodecylbenzenesulfonic acid, are chose to be the Bronsted acids. PILs are generated by
reacting each acid with each hydroxyalkyl-amine respectively as shown in Figure 3.1.
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Figure 3.1: Bronsted bases and acids selected for synthesizing halogen-free PILs.
The chemicals, Ethanolamine (99%), N-methyl ethanolamine (98%), and N, Ndimethylethanolamine (99.50%), 2-Ethylhexanoic acid (99%), p-Toluenesulfonic acid
monohydrate (ACS reagent, 98.50%), and 4-dodecylbenzenesulfonic acid (mixture of
isomers, 95%) were purchased from Sigma Aldrich (USA). Except for the pToluenesulfonic acid monohydrate, the other chemicals were used for synthesizing PILs as
received without any further treatment.
In order to confirm the stoichiometry of each PIL, proton nuclear magnetic
resonance (1H NMR) measurement of each PIL was completed with a Bruker Ultra-shield
500 MHz spectrometer. Once a PIL sample was transferred to an NMR tube, Chloroformd (99.8 atom % D) was used as solvent for the 2-ethylhexanoate-based PILs and ptoluenesulfonate-based PILs. Also, the deuterated solvent - deuterium oxide (99.9 atom %
D) was selected for dissolving the dodecylbenzenesulfonate-based PILs.
To confirm the molecular structure of the synthesized PILs, the Fourier transform
infrared (FTIR) spectrum of each PIL was collected using a Shimadzu IRPrestige-21
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Fourier Transform Infrared Spectrophotometer equipped with a Pike Technologies
diamond anvil. The infrared spectra were recorded in the range of 400 cm-1 to 4000 cm-1
by accumulating 50 scans with a resolution of 2 cm-1.
3.1.2 The Basic Properties of Commercial Lubricants and Their Corresponding Base Oils
In this research, the tribological performance of the commercially available
lubricants, mineral oil with own additives (MOA) and biodegradable oil with own additives
(BOA), and their corresponding base oils, mineral oil (MO) and biodegradable oil (BO)
are investigated. All the lubricants are kindly provided by Repsol (Spain). The selection of
these base oils MO and BO is based on their different molecular structures and polarities.
The characteristics of these lubricants are briefly summarized in Table 3.1. In order to
examine the polarity of the base lubricants, the Fourier Transform Infrared Spectrometry
was also employed for them using as the same testing parameters as PILs.
Table 0.1 Characteristics of the comparative lubricants used in this study.

Lubricant

Density

Kinematic Viscosity

(g/mL)

(mm2/s)

Viscosity

Flash Point Pour Point

Index

(C)

(C)

6.68

97

234

-12

46.05

6.70

97

238

-21

0.92

49.22

9.87

192

290

-4.50

0.91

49.90

9.91

190

312

-4.50

at 15 C

40C

100C

MO

0.87

45.91

MOA

0.88

BO
BOA
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3.2 Characterization of Ionicity and Thermal Property of PILs
In this study, the degree of ionization of a PIL, ionicity, is considered to impact the
tribological behaviors of PIL when employed on different material surfaces. Given that the
difference on ionicity between PILs can be examined through their ionic conductivity, the
ionic conductivity of neat 2-ethylhexanoate-based PILs was measured at 23°C, 40°C,
70°C, and 90°C using an Accumet Basic AB 30 Conductivity Meter. For the ptoluenesulfonate-based and dodecylbenzenesulfonate-based PILs, the ionic conductivity
results were collected at 40°C, 50°C, 60°C, 70°C, 80°C, and 90°C since they are not in a
liquid phase at the ambient temperature.
The thermal characteristics of lubricants are of great importance. Differential
scanning calorimetry (DSC) was used to characterize the temperature-dependent properties
of PILs. A SHIMADZU DSC-60 coupled with a refrigerated cooling system and a TA
Instrument DSC 2500 (see Figure 3.2) were used to evaluate the glass transition and
melting point of the 2-ethylhexanoate-based PILs and linear alkyl-benzenesulfonate-based
PILs, respectively. The temperature range was set from -100°C to 100°C with a
heating/cooling rate of 10°C/min under air/liquid nitrogen atmosphere for the 2ethylhexanoate-based PILs. While, a heating/cooling rate of 5°C/min for the ptoluenesulfonate-based PILs and 2°C/min for the dodecylbenzenesulfonate-based PILs
were selected during the temperature range from -90°C to 120°C.
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Figure 3.2: TA Instrument DSC 2500.
Thermogravimetric analysis (TGA) was completed for all PILs, base lubricants
including MO, MOA, BO, and BOA, and PIL-Oil blends using a TA Instruments Q500,
shown in Figure 3.3. TG analyzer software was used to record the weight loss of a lubricant
sample under different temperatures. Around 0.05 mL of each lubricant sample was
charged and placed in a platinum pan if the testing sample is in liquid or around 12 mg of
a non-liquid lubricant sample was then prepared and tested. Each lubricant sample was
heated from 20°C to 600°C at a heating rate of 10°C/min under air atmosphere simulating
the thermal degradation process accompanied with oxidation of a lubricant used in
industry. The onset decomposition temperature of a lubricant is determined by the point at
which a starting mass baseline intersects with the tangent of a TGA curve at the point of
maximum gradient.
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Figure 3.3: TA Instruments Q500.
3.3 Lubricant Preparation and Viscosity Measurement
In addition to the neat PILs, the physicochemical and tribological properties of PILs
as additives to non-polar and polar base lubricants are also investigated in this research.
From the previous research, the effectiveness of ILs as additives with a small concentration
in the base lubricants has been demonstrated. Particularly, ILs can even perform better as
additives than when used as neat lubricants. Take into account of the cost and the optimal
concentrations of ILs as being between 1 wt.% and 2 wt.% from the previous study, 1 wt.%
of each PIL was weighed with a Mettler Toledo MA-TS Analytical Balance and added to
the base lubricant, respectively. After that, a magnetic stirrer and an ultrasonic processor
were used to mix each PIL-Oil blend until forming a homogeneous mixture. Apparently,
the magnetic stirring and ultrasonicating duration are varying for different PIL-Oil blends
depending on the molecular size of PIL and the polarity of the base oil. No matter the base
lubricant is non-polar mineral oil or polar biodegradable oil, each 2-ethylhexanoate-based
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PIL-Oil blend was magnetic stirred for one hour and ultrasonicated for half an hour at room
temperature to get homogeneous mixed. For the linear benzenesulfonate-based PILs, the
blending process of the non-polar mineral oil lasted three hours including one-hour
magnetic stirring and two-hour ultrasonicating. While, one-hour magnetic stirring and
around one-hour ultrasonicating were employed when these PILs were mixed with the
polar biodegradable oil. After the PIL-Oil blends preparation, all of the mixtures were
centrifuged at 6500 RPM for 10 minutes and then the appearance of the mixtures were
observed after 24 hours, 168 hours and 720 hours to check their stability.
Viscosity and the temperature dependence of viscosity are reflective of the extent
of hydrogen bonding in PILs. The dynamic viscosity variation over temperature of each
neat PIL and PIL-Oil blend was evaluated using a Brookfield DV2T-LV Viscometer
coupled with a Thermosel System. Each lubricant sample with a volume around 8 mL was
transferred to an aluminum tube and then was heated from 25 to 100°C with a ramp of 5
°C. Prior to measurement, the lubricant sample was hold at the certain temperature for 20
minutes to be adequately-heated. Fifteen viscosity readings were recorded over time and
the average dynamic viscosity value was calculated accordingly.
3.4 Friction and Wear Tests
The lubricating ability of neat PILs and different PIL-Oil blends was evaluated
through a custom-designed reciprocating ball-on-flat tribometer (see in Figure 3.4) under
a steel-steel and a aluminum-steel contacts.
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Figure 3.4: The reciprocating ball-on-flat tribometer.
The selection of steel-steel and steel-aluminum contacts in this study is due to their
extensive usage in industry. For instance, 52100 steel and 2024 aluminum alloys are widely
used in bearings, gears, cylinders, and pistons where the friction and wear control of these
materials is of great importance. Therefore, the AISI 52100 steel bar and 2024 aluminum
alloy bar with a diameter of 3.125 centimeters were purchased from SMC Metal, Rochester.
The chemical compositions of AISI 52100 and 2024 aluminum alloy are summarized in
Table 3.2 and Table 3.3. Along the steel and aluminum bars, disks with a thickness around
1 centimeter were cut in the Machine Shop. Then, a Struers TegraForce-1 polish machine
was used to grind and polish the sample disks. During the grinding process, steel/aluminum
samples were grinded sequentially using 220, 360, and 1200 grit sandpaper. After then,
each sample was polished using varying diamond suspension with particle size of 9 um,
6um, and 3 um. The surface roughness of each sample was evaluated to be around 0.01 m
using a NANOVEA PS50 3D profilometer (see Figure 3.5).
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Table 0.2 The main chemical compositions of AISI 52100 steel used in this work.
Element

Fe

Content

96.50-

(%)

97.32

Cr

C

Mn

Si

S

1.30-1.60

0.98-1.10

0.25-0.45

0.15-0.30

P

0.025 0.025

Table 0.3 The main chemical compositions of 2024 aluminum used in this work.
Element

Al

Cu

Mg

Mn

Si

Cr

Fe

Content

90.70-

3.80-

1.20-

0.30-

Max

Max

Max

(%)

94.70

4.90

1.80

0.90

0.50

0.10

0.50

Figure 3.5: NANOVEA PS50 3D profilometer.
When running the frictional tests, each sample disk was fixed into a sample holder
and then slid against AISI 52100 steel balls under room temperature. In order to investigate
the tribological properties of neat PILs and their oil blends in steel-steel and aluminumsteel contact modes, the variable-controlling approach was applied where all the frictional
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tests were conducted using the parameters listed in Table 3.4. These test parameters are
well designed in order to study the frictional behavior of each lubricant under boundary
lubrication regime, (see supplemental material).
Table 0.4 Experimental parameters for the reciprocating ball-on-flat tests.
Contact mode

Parameters

Steel-Steel

Steel-Aluminum

Normal load (N)

3

3

Max. Hertz contact pressure (GPa)

2.40

1.56

Stroke length (mm)

3

3

Frequency (Hz)

5

5

Duration (s)

3600

3600

Sliding speed (m/s)

0.03

0.03

Sliding distance (m)

108

108

Before and after each frictional test, steel/aluminum sample was cleaned with
isopropyl alcohol (99.5%) in an ultrasonic cleaner and then the sample disk was dried in
air. At least three tests were performed under the same conditions for each lubricant at
room temperature to minimize the experiment errors. Before each test, 0.1 mL lubricant
was placed on the disk surface and no additional lubricant was added during the test.
Friction coefficients were continuously recorded over time and calculated as average of
each running.
After the frictional tests, an Olympus BH-2 optical microscope was used to observe
the wear tracks on steel/aluminum disks and measure the wear-track width. At least 15
measurements were taken along each track (see Figure 3.6) and the wear volume of the
disks were calculated according to Eq. (1) [97]. In addition, the NANOVEA PS50
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profilometer was also applied to investigate the 2D profile and 3D morphology of the wear
tracks at a resolution rate of 1000 Hz.

Figure 3.6: Calculation of wear volume of rubbing disks.

𝑉𝑓 = 𝐿𝑠 [𝑅𝑓2 arcsin (

ℎ𝑓 = 𝑅𝑓 − √𝑅𝑓2 −

𝑊
𝑊
𝜋
) − (𝑅𝑓 − ℎ𝑓 )] + ℎ𝑓2 (3𝑅𝑓 − ℎ𝑓 )
2𝑅𝑓
2
3

𝑊2

(1)

4

In the formula up there, 𝑉𝑓 = Wear volume; 𝐿𝑠 = Stroke length; 𝑅𝑓 = Radius of the
ball; 𝑊= Width of the wear scar; and ℎ𝑓 = Wear depth.
3.5 Characterization of Wear Mechanism and Surface Interactions
In order to study the wear mechanism of the steel and aluminum disks and surface
interactions between neat PIL or PIL-Oil blend and the rubbing steel and aluminum disks,
a Tescan-Bruker Vega 3 scanning electron microscope (SEM) with energy dispersive Xray spectrometer (EDX) (see Figure 3.7) and a Bruker Senterra II Raman microscope (see
Figure 3.8) were employed. Prior to the SEM (with EDS) and Raman spectroscopy, the
sample disks were cleaned with isopropyl alcohol.
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Figure 3.7: Tescan-Bruker Vega 3 scanning electron microscope with energy dispersive
X-ray spectrometer.

Figure 3.8: Bruker Senterra II Raman microscope.
When applying SEM, for the purpose of collecting more detailed information on
the surface morphology, a low voltage of 5 kV and a working distance of 10 mm were set
up to capture the features of the wear tracks. While, given that the accelerating voltage
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should be not less than twice the highest excitation energy of any element present in the
52100 steel and 2024 aluminum [98], a higher voltage of 15 kV was adopted for the EDS
characterization to acquire adequate intensity.
For the Raman spectroscopy, a green visible laser with a wavelength of 532 nm was
selected regarding the Raman scattering intensity and the resulting inorganic-materials
composed tribo-film. In order to increase the spatial resolution of the laser spot inside and
outside wear track, a 100X objective and 25 mV power were used. Also, an integration
time of 2 seconds and 6 co-additions over time was carried through each measurement to
optimize the quality of the obtained Raman spectra.
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Chapter 4: Synthesis and Physicochemical Properties of Protic Ionic
Liquids
As mentioned in chapter 2 and 3, this research is to provide fundamental knowledge
for the molecular design of high-performance and low-toxic PILs as neat lubricants and
lubricant additives. Particularly, the aim of this study is to understand the fundamental
interrelationship between PIL molecular structures, physicochemical properties, and the
resulting tribological performance. With this in mind, nine kinds of PILs were synthesized
in the lab, where three hydroxyalkyl-amines with differing basicity and propensity to
hydrogen bond are selected to react respectively with three acids with different acidity and
alkyl chain length. The synthesis procedures, molecular characterization, thermal behavior,
viscosity and other physicochemical properties are discussed in Chapter 4.
4.1 Preparation and Spectroscopic Characterization of Protic Ionic Liquids
4.1.1 Preparation of Hexanoate-Based Protic Ionic Liquids
In Figure 4.1, the synthesis route of the three hexanoate-based PILs, 2hydroxyethylammonium

2-ethylhexanoate

(Eet),

2-hydroxymethylammonium

2-

ethylhexanoate (Met), and 2-hydroxydimethylammonium 2-ethylhexanoate (Det), is
schematically described. Three amine bases, ethanolamine, N-methylethanolamine, and N,
N’-dimethylethanolamine were respectively charged to three 500 ml round bottom flasks
equipped with Teflon® paddle stirrer, and were blanketed under Argon atmosphere. Then,
stoichiometric quantities of the weak carboxylic acid, 2-ethylhexanoic acid, were weighed
and dropwise added to each amine. Since this chemical reaction is an exothermic process,
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the flasks were immersed in a water bath to make sure that the temperature of the reaction
mixture is kept below 80C.

Figure 4.1: Synthesis route of hexanoate-based PIL Eet, Met, and Det.
4.1.2 Preparation of p-Toluenesulfonate-Based Protic Ionic Liquids
The synthesis route of three p-toluenesulfonate-based PILs with short linear alkyl
chain on the anions is schematically outlined in Figure 4.2. 2-hydroxyethylammonium ptoluenesulfonate (Ets), 2-hydroxymethylammonium p-toluenesulfonate (Mts), 2hydroxydimethylammonium p-toluenesulfonate (Dts), were synthesized in the lab
following the procedures.
Firstly, one mole (190.22 g) of p-Toluenesulfonic acid monohydrate was charged
to a 1L three-neck round bottom flask equipped with Teflon paddle stirrer, Argon inlet tube,
and a 10 mL Dean-Stark Trap, along with 300 ml of Toluene. The reaction mixture was
then immersed in an oil-bath and heated to reflux with stirring, where a steel grey
transparent solution was resulted. Then, 18 mL of water was azeotropically remove. (The
stoichiometric amount of water could be removed from the monohydrate, and result in the
precipitation of the anhydrous p-Toluenesulfonic acid). Next, the precipitation, anhydrous
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p-Toluenesulfonic acid, was isolated by vacuum filtration in a Buchner funnel. And the
wet precipitation was transferred to a petri dish. The filtrate was allowed to stand overnight,
resulting in the crystallization of additional anhydrous p-Toluenesulfonic acid which was
again isolated by vacuum filtration. The combined precipitations were dried under vacuum
in a vacuum desiccator for 48 hours, yielding 172 g of anhydrous p-Toluenesulfonic acid.
After that, amine base was charged to a 500 ml round bottom flask equipped with
Teflon® paddle stirrer and blanketed under Argon. The flask was immersed in an oil-bath
for heating as required. Amine base under Argon was heated to 60°C, and pToluenesulfonic acid was added incrementally with vigorous stirring at a rate such that the
temperature of the reaction mixture did not exceed 100 °C. After adding of a stoichiometric
amount of p-Toluenesulfonic acid, the reaction mixture was held with stirring under Argon
at less than 80°C for 1 hour. The neutral, ~pH 7, reaction mixture was transferred, while
warm and fluid, to a wide mouth jar for storage and subsequent analysis and use in
tribological studies.

Figure 4.2: Synthesis route of p-toluenesulfonate-based PIL Ets, Mts, and Dts.
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4.1.3 Preparation of Dodecylbenzenesulfonate-Based Protic Ionic Liquids
Three dodecylbenzenesulfonate-based PILs derived from benzenesulfonic acid
with longer alkyl chain length were synthesized with the following procedures.
Amine base was charged to a 500 ml round bottom flask equipped with Teflon®
paddle stirrer and blanketed under Argon. The flask was immersed in an oil bath for heating
as required. Then, the amine base under Argon was heated to 70°C, and 4dodecylbenzenesulfonic acid was added incrementally with vigorous stirring at a rate such
that the temperature of the reaction mixture did not exceed 120°C. After adding of a
stoichiometric amount of 4-dodecylbenzenesulfonic acid, the reaction mixture was held
with stirring under Argon at less than 120°C for 1 hour. The neutral, ~pH 7, reaction
mixture was transferred, while warm and fluid, to a wide mouth jar for storage and
subsequent analysis and use in tribological studies.
Figure

4.3

shows

the

synthesis

route

of

2-hydroxyethylammonium

dodecylbenzenesulfonate (Eds), 2-hydroxymethylammonium dodecylbenzenesulfonate
(Mds), and 2-hydroxydimethylammonium dodecylbenzenesulfonate (Dds).

Figure 4.3: Synthesis route of dodecylbenzenesulfonate-based PIL Eds, Mds, and Dds.
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4.2 Spectroscopic Characterization of Protic Ionic Liquids
4.2.1 Spectroscopic Characterization of Hexanoate-Based Protic Ionic Liquids
The molecular structures of the hexanoate-based PILs were evaluated and
confirmed by proton nuclear magnetic resonance (1H NMR) [99] and the NMR spectra are
shown in Figure 4.4. The abbreviations for multiplicities are: s = singlet, t = triplet, and m
= multiplet.
Eet 1H NMR (chloroform-d, 500 MHz): d = 7.43 (s, 1H, NH), 3.77-3.79 (t, 2H,
CH2), 2.99-3.01 (t, 2H, N- CH2), 2.04-2.09 (m, 1H, CH), 1.40-1.54 (m, 4H, CH2, CH2),
1.24-1.32 (m, 4H, CH2, CH2), 0.86-0.90 ppm (m, 6H, CH3, CH3).
The peak shifts of 0.44 ppm (2H, CH2) and 0.46 ppm (2H, N- CH2) occurred in
Figure 4.4 A (a-c), confirms the proton transfer in Eet.
Met 1H NMR (chloroform-d, 500 MHz): d = 7.82 (s, 1H, NH), 3.83-3.85 (t, 2H,
CH2), 2.98-3.00 (t, 2H, N- CH2), 2.61 (s, 3H, CH3), 2.05-2.10 (m, 1H, CH), 1.36-1.47 (m,
4H, CH2, CH2), 1.23-1.29 (m, 4H, CH2, CH2), 0.86-0.91 ppm (m, 6H, CH3, CH3).
The peak shifts of 0.58 ppm (2H, CH2) and 0.69 ppm (2H, N-CH2) occurred in
Figure 4.4 B (a-c) confirms the proton transfer in Met.
Det 1H NMR (chloroform-d, 500 MHz): d=9.77 (s, 1H, NH), 3.62-3.64 (t, 2H, CH2),
2.68-2.70 (t, 2H, N- CH2), 2.41 (s, 6H, CH3, CH3), 1.96-2.01 (m, 1H, CH), 1.37-1.41 (m,
4H, CH2, CH2), 1.25-1.32 (m, 4H, CH2, CH2), 0.71- 0.76 ppm (m, 6H, CH3, CH3).
The peak shifts of 0.18 ppm (2H, CH2) and 0.4 ppm (2H, N-CH2) occurred in Figure
4.4 C (a-c) confirms that proton transfer in Det.
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Figure 4.4: 1H NMR spectrum of Eet, Met, Det, and their corresponding bases and acid.
Since the differences in hydrogen bonding between the hexanoate-based PILs can
be distinguished from their infrared spectra, the Fourier transform infrared (FT-IR)
absorption spectra of Eet, Met, and Det were collected at ambient temperature and are
depicted in Figure 4.5. The broad peak in the range of 3600-2500 cm-1 arises from O-H and
N-H stretching bonds of hydrogen-bonded hydroxyl-, carboxyl-, ammonium, and aminofunctional groups [56], [100]. In the zoomed region, particularly, in the range of 3500 3000 cm-1, the absorption intensity of three PILs follows the order of Eet > Met > Det,
which demonstrates that Eet possesses the highest extent of intermolecular hydrogen
bonding among its hydroxyl groups. The peaks around 2956 cm-1/2926 cm-1 are attributed
to the asymmetric stretching bonds of the CH3/CH2 while the strong peaks around 2857
cm-1/2856 cm-1 correspond to the symmetric stretching bond in the alkyl-chains of PILs
[101] [102]. The peaks corresponding to the C = O stretch of hydrogen-bonded carboxyl
group and the carboxylate group can be seen between 1600 cm-1 and 1700 cm-1. Particularly,
these peaks can be clearly observed in Det that has the highest concentration of the
carboxylate.
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Figure 4.5: FT-IR spectra of Eet, Met, and Det.
4.2.2 Spectroscopic Characterization of p-Toluenesulfonate-Based Protic Ionic Liquids
The 1H NMR spectra in Figure 4.6 confirm the molecular structures of the ptoluenesulfonate-based PILs. The abbreviations for multiplicities are: s = singlet, d =
doublet, t = triplet, and m = multiplet.
Ets 1H NMR (D2O, 500 MHz): d = 7.59-7.60 (d, 2H, CH, CH), 7.26-7.28 (d, 2H,
CH, CH), 3.70-3.71 (t, 2H, CH2), 3.00-3.02 (t, 2H, N-CH2), 2.30 (s, 3H, CH3).
The peak shifts of 0.19 ppm (2H, CH2) and 0.38 ppm (2H, N- CH2) occurred in
Figure 4.6 A (a-c), confirms the proton transfer in Ets.
Mts 1H NMR (D2O, 500 MHz): d = 7.59-7.60 (d, 2H, CH, CH), 7.26-7.28 (d, 2H,
CH, CH), 3.70-3.73 (t, 2H, CH2), 3.00-3.02 (t, 2H, N-CH2), 2.61 (s, 3H, CH3), 2.29 (s, 3H,
CH3).
The peak shifts of 0.22 ppm (2H, CH2) and 0.52 ppm (2H, N-CH2) occurred in
Figure 4.6 B (a-c) confirms the proton transfer in Mts.
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Dts 1H NMR (D2O, 500 MHz): d = 7.57-7.59 (d, 2H, CH, CH), 7.23-7.25 (d, 2H,
CH, CH), 3.72-3.75 (t, 2H, CH2), 3.07-3.09 (t, 2H, N-CH2), 2.73 (s, 6H, CH3, CH3), 2.27(s,
3H, CH3).
The peak shifts of 0.26 ppm (2H, CH2) and 0.75 ppm (2H, N-CH2) occurred in
Figure 4.6 C (a-c) confirms the proton transfer in Dts.

Figure 4.6: 1H NMR spectrum of Ets, Mts, Dts, and their corresponding bases and acid.
FT-IR absorption spectra of Ets, Mts, and Dts at room temperature are shown in
Figure 4.7. The broad peak in the range of 3600-2500 cm-1 emanates from the stretching
vibration of O-H and N-H bonds. From the zoomed range of 3500 -3000 cm-1, the
absorption intensity of three p-toluenesulfonate-based PILs follows the order of Ets > Mts >
Dts, where Ets possesses the highest extent of intermolecular hydrogen bonding among its
molecules. The peaks of 3056 cm-1, 1560 cm-1, and 831 cm-1 can be attributed to C-H
stretching and bending bonds in the benzene ring of PILs. The peaks of 1038 cm-1 and 1193
cm-1 correspond to C-H stretching vibration of Ar-SO3 groups.
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Figure 4.7: FT-IR spectra of Ets, Mts, and Dts.
4.2.3 Spectroscopic Characterization of Dodecylbenzenesulfonate-Based Protic Ionic
Liquids
The molecular structure of the dodecylbenzenesulfonate-based PILs was
characterized and the 1H NMR spectra are shown in Figure 4.8. The abbreviations for
multiplicities are: s = singlet, d = doublet, t = triplet, and m = multiplet.
Eds 1H NMR (chloroform-d, 500 MHz): d = 7.80-7.82 (d, 2H, CH, CH), 7.15-7.20
(d, 2H, CH, CH), 6.41 (s, 1H, NH), 3.72-3.74 (t, 2H, CH2), 2.99-3.01 (t, 2H, N-CH2), 2.422.68 (t, 2H, CH2), 1.47-1.70 (m, 2H, CH2), 1.08-1.24 (m, 16H, CH2, CH2, CH2, CH2, CH2,
CH2, CH2, CH2), 0.80-0.89 (m, 2H, CH2), 0.71-0.74 (t, 3H, CH3).
The peak shifts of 0.39 ppm (2H, CH2) and 0.46 ppm (2H, N- CH2) occurred in
Figure 4.8 A (a-c), confirms the proton transfer in Eds.
Mds 1H NMR (chloroform-d, 500 MHz): d = 7.77-7.79 (d, 2H, CH, CH), 7.17-7.23
(d, 2H, CH, CH), 6.68 (s, 1H, NH), 3.93-3.95 (t, 2H, CH2), 3.14-3.16 (t, 2H, N-CH2), 2.72
(s, 3H, CH3), 2.42-2.57 (t, 2H, CH2), 1.50-1.70 (m, 2H, CH2), 1.07-1.23 (m, 16H, CH2,
CH2, CH2, CH2, CH2, CH2, CH2, CH2), 0.81-0.88 (m, 2H, CH2), 0.72-0.75 (t, 3H, CH3).
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The peak shifts of 0.67 ppm (2H, CH2) and 0.85 ppm (2H, N- CH2) occurred in
Figure 4.8 B (a-c), confirms the proton transfer in Mds.
Dds 1H NMR (chloroform-d, 500 MHz): d = 7.76-7.78 (d, 2H, CH, CH), 7.15-7.28
(d, 2H, CH, CH), 6.47 (s, 1H, NH), 3.94-3.96 (t, 2H, CH2), 3.25-3.27 (t, 2H, N-CH2), 2.91
(s, 6H, CH3, CH3), 2.41-2.52 (t, 2H, CH2), 1.49-1.60 (m, 2H, CH2), 1.07-1.23 (m, 16H,
CH2, CH2, CH2, CH2, CH2, CH2, CH2, CH2), 0.82-0.88 (m, 2H, CH2), 0.72-0.75 (t, 3H,
CH3).
The peak shifts of 0.5 ppm (2H, CH2) and 0.97 ppm (2H, N- CH2) occurred in
Figure 4.8 C (a-c), confirms the proton transfer in Dds.

Figure 4.8: 1H NMR spectrum of Eds, Mds, Dds, and their corresponding bases and
acid.
FT-IR absorption spectra of Eds, Mds, and Dds at room temperature are shown in
Figure 4.9. The broad peak in the range of 3600-2500 cm-1 arises from the stretching
vibration of O-H and N-H bonds. It can be clearly observed in the range of 3500-3000 cm1

that the absorption intensity of the three dodecylbenzenesulfonate-based PILs follows the

order of Eds > Mds > Dds which corresponds to the order of their extent of intermolecular
42

hydrogen bonding among molecules. Peaks around 3056 cm-1, 1560 cm-1, and 831 cm-1
can be attributed to the C-H stretching and bending vibration of benzene ring groups of the
PILs.
Strong vibrational peaks of 2852 cm-1, 1478 cm-1, and 697 cm-1 correspond to the
C-H stretching bands in the CH2 groups while the peaks around 2937 cm-1, 2923 cm-1, and
1467 cm-1 can be attributed to the C-H stretching vibration of CH3 groups. The peaks of
1038 cm-1 and 1193 cm-1 correspond to C-H stretching vibration of Ar-SO3 groups.

Figure 4.9: FT-IR spectra of Eds, Mds, and Dds.
4.3 Characterization of Physicochemical Properties of Protic Ionic Liquids
4.3.1 Ionicity of Protic Ionic Liquids
In order to compare the ionization degree of all PILs in this study, ionic
conductivity measurement for each PIL was carried out under different temperatures [58].
The conductivity as a function of temperature for the hexanoate-based PILs, Eet, Met, and
Det is shown in Figure 4.10 and the results are summarized in Table 4.1. Comparing the
ionic conductivity of the three PILs, the conductivity of Det is 0.68 mS/cm at room
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temperature and remains almost constant until the temperature reaches 70°C. Then, it
decreases to about 0.25 mS/cm at 90°C. However, the conductivity of Met and Eet largely
depends on temperature. The ionic conductivity of Met and Eet increases with the
increment of temperature during the measured temperature range. Particularly, the
conductivity of Met increases dramatically from 0.41 mS/cm to 1.77 mS/cm in the
temperature range of 23 - 70°C. After that, the conductivity of Met drops to 1.11 mS/cm at
90°C. For Eet, the conductivity starts at 0.095 mS/cm at 23°C and saturates at 0.75 mS/cm
at 90C, exhibiting a sigmoidal profile.

Figure 4.10: The temperature dependence of the ionic conductivity of Eet, Met and Det.
Table 0.1 Ionic conductivity of Eet, Met, and Det at different temperatures.
Ionic Conductivity (mS/cm)
PIL

23C

40C

70C

90C

Eet

0.10

0.27

0.68

0.75

Met

0.41

1.01

1.77

1.11

Det

0.68

0.75

0.69

0.25
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Theoretically, ionic conductivity is dominated by the number of charge carriers and
the liquid viscosity. The hexanoate-based PILs in this study are salts of weak bases and a
weak acid. For PIL, although the proton is expected to transfer completely from the
Brønsted acid to Brønsted base, in reality there is a transition equilibrium between the
neutral species and producing ions. Therefore, the degree of ionization of PILs is dependent
on the relative basicity of the three base amines [96]. Given that, the variation in the ionic
conductivity for Eet, Met, and Det is not unexpected.
As a rule of thumb, the higher temperature in a liquid system leads to a lower
viscosity, and greater kinetic energy of both the reactants and producing ions, which makes
them move faster and collide more frequently, and consequently causes a higher ionic
conductivity. From 23°C to 90°C, the decreased viscosity of a PIL leads to an increase of
the conductivity due to the increased mobility at a lower viscosity. The conductivity of Met
and Det increases with temperature between room temperature and 70°C but drops sharply
at 90°C. The decrease of conductivity may be attributed to a reduction in ionicity driven
by reversal in the equilibrium for transfer of a proton from the weak acid, 2-ethylhexanoic
acid to N-methylethanolamine and N, N’-dimethylethanolamine. For Eet, the conductivity
increases throughout the range of temperatures studied. While reversal in the equilibrium
for proton transfer from the 2-ethylhexanoic acid to ethanolamine is likely to be occurring
above 70°C, the reduction in viscosity in the highly hydrogen-bonded Eet system is much
greater; and thus, increased mobility compensates for reduced ionicity.
The temperature dependence of conductivity for linear alkyl-benzenesulfonatebased PILs, Ets, Mts, Dts. Eds, Mds, and Dds is shown in Figure 4.11 and Figure 4.12.
Their conductivity at different temperatures is reported in Table 4.2 and Table 4.3.
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Figure 4.11: The temperature dependence of the ionic conductivity of Ets, Mts and Dts.
Table 0.2 Ionic conductivity of Ets, Mts, and Dts at different temperatures.

PIL

Ionic Conductivity (mS/cm)
40°C

50°C

60°C

70°C

80°C

90°C

Ets

-

-

-

4.30

5.60

7.21

Mts

-

2.98

4.57

6.47

8.51

10.84

Dts

2.11

3.43

5.16

7.88

11.27

15.16

- The ionic conductivity is inaccessible due to the solid state of the PIL at this
temperature.

As expected, the ionic conductivity increases with the increment of temperature for
all the linear alkyl-benzenesulfonate-based PILs. Although the conductivity of Ets, Mts,
and Eds is not accessible at some temperatures, the tendency of conductivity for these PILs
can still be estimated during the studied temperature range that the conductivity follows
the order of Dts > Mts > Ets for the p-toluenesulfonate-based PILs; and the conductivity of
dodecylbenzenesulfonate-based PILs follows the order of Dds > Mds > Eds.
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Compared to the hexanoate-based PILs which are derived from amine bases and a
weak acid, the conductivity is much higher for the linear alkyl-benzenesulfonate-based
PILs which are salts of amine bases and strong acids under the same temperature. Different
from Met and Det where a decrease in conductivity occurred above 70°C, the conductivity
keeps increasing for all benzenesulfonate-based PILs. Particularly, the conductivity
increases rapidly above 70°C for Dts and Dds which can be attributed to the increased
mobility at a lower viscosity. It is important to note that the differing alkyl chain length in
the anionic moiety of PILs impact the ionic conductivity. In Table 4.2 and Table 4.3, the
conductivity of Ets, Mts, and Dts is higher than the corresponding Eds, Mds, and Dds where
the alkyl chain length of the dodecylbenzenesulfonate-based PILs is longer than that of the
p-toluenesulfonate-based PILs.

Figure 4.12: The temperature dependence of the ionic conductivity of Eds, Mds, and
Dds.
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Table 0.3 Ionic conductivity of Eds, Mds, and Dds at different temperatures.

PIL

Ionic Conductivity (mS/cm)
40°C

50°C

60°C

70°C

80°C

90°C

Eds

-

-

-

2.44

3.25

3.87

Mds

1.33

1.94

2.75

3.76

5.51

7.39

Dds

1.72

2.56

3.70

5.64

8.41

11.58

- The ionic conductivity is inaccessible due to the solid state of the PIL at this
temperature.
4.3.2 Thermal Analysis of Protic Ionic Liquids
The thermal behavior of a PIL is an important characteristic for being used as a
lubricant. The DSC measurements of all the PILs were conducted with the data
summarized in Table 4.4 - Table 4.6. In addition, DSC curves of PILs are displayed in
Figure 4.13 - Figure 4.15. In Figure 4.13, the hexanoate-based PILs all go through glass
transition, crystallization, and melting processes. During the heating process, Det has a
glass transition occurring at -78.80°C, followed by an exothermic peak at -17.50°C due to
“cold” crystallization and a strong peak for melting at -0.40°C [103]. As the heating process
continued, a small peak of unknown origin, which can be attributed to the liquid crystal
mesophase transition, occurs around 42.15°C; similarly, another small baseline deflection
appears when Det is around 62.85°C in the cooling cycle. During the cooling process, Det
exhibits recrystallization and glass transition at -10.30°C and -86.50°C, respectively. Eet
and Met show low-temperature glass transitions and similarities in the subtle peaks on the
heating and cooling cycles but do not exhibit the strong cold crystallization and melting
phenomenon during the measurement process shown by Det. As expected, Eet presents the
highest glass transition temperature since it has a higher degree of hydrogen bonding; while
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the glass transition temperature decreases in turn for Met and Det that possesses a lower
extent of hydrogen bonding in their molecules [58].

Figure 4.13: DSC curves of Eet, Met and Det.
Table 0.4 Thermal properties of Eet, Met, and Det.
PIL
Heating
Cycle

Eet

Met

Det

Glass Translation (°C)

-50.10

-61.40

-78.80

Melting (°C)

*

*

-0.40

Baseline deflection (°C)

70.10

87.27

42.15

Baseline deflection (°C)

64.61

59.56

62.85

-4.07

-4.05

-10.30

-53.69

-66.46

-86.50

Cooling

Weak recrystallization

Cycle

exotherm (°C)
Glass Translation (°C)

*No crystal melt observed

In Figure 4.14, the p-toluenesulfonate-based PILs also undergo glass transition,
crystallization, and melting processes. During the heating process, Ets has a glass transition
appears at -31.75°C and a melting phenomenon occurrs around 68.97°C. In the cooling
circle, a sharp exothermic peak appears at 40.60°C due to the recrystallization and followed
by a glass transition at -54.17°C. Compared to Ets, Mts and Dts exhibit the glass transition
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at a lower temperature at -64.40°C and -65.79°C, respectively. As the heating process
continues, an intense crystallization exothermic peak and a strong peak for melting occur
for both Mts and Dts. However, there is no visible peaks in the cooling circle.
Ets, as expected, shows a higher glass transition temperature than that of Mts and
Dts, which can be attributed to the higher extent of hydrogen bonding among its molecules.

Figure 4.14: DSC curves of Ets, Mts and Dts.
Table 0.5 Thermal properties of Ets, Mts, and Dts.
PIL

Ets

Mts

Dts

Glass Translation (°C)

-31.75

-64.40

-65.79

Melting (°C)

68.97

45.19

27.53

Crystallization (°C)

-

-5.28

2.56

Cooling

Recrystallization (°C)

40.60

-

-

Cycle

Glass Translation (°C)

-54.17

-65.11

-69.14

Heating
Cycle

-No crystallization observed

Figure 4.15 presents the thermal behaviors of the dodecylbenzenesulfonate-based
PILs. It is noted that the glass transition phenomenon occurs for both Eds and Mds but not
for Dds either in the heating circle or the cooling circle. For Dds, a melting peak appears
at 56.41°C during the heating process, followed by a sharp recrystallization exothermic
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peak presents at 15.65°C in the cooling circle. A small baseline deflection appears when
Mds is around 9.71°C in the heating cycle.

Figure 4.15: DSC curves of Eds, Mds, and Dds.
Table 0.6 Thermal properties of Eds, Mds, and Dds.
PIL

Eds

Mds

Dds

Heating

Glass Translation (°C)

-53.65

-60.30

*

Cycle

Melting (°C)

-

-

56.41

Cooling

Recrystallization (°C)

†

†

15.65

Cycle

Glass Translation (°C)

-59.76

-63.01

*

*No glass translation occurred; - No Melting process observed
4.3.3 Thermal Stability of PILs
For a lubricant used in a complex environment, it is essential for it to be thermally
stable over a broad temperature range. Thermogravimetric analysis of PILs was conducted
to evaluate their thermal stability and the results are shown in Figure 4.16 - Figure 4.18
and Table 4.7 - Table 4.8. Meanwhile, the thermal stability of the neutral bases and acids
for the PILs were also studied where base 1, base 2, and base 3 means ethanolamine, Nmethylethanolamine and N, N’-dimethylethanolamine, respectively. In addition, acid 1,
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acid 2, and acid 3 presents 2-ethylhexanoic acid, p-toluenesulfonic acid, and 4dodecylbenzenesulfonic acid, respectively.

Figure 4.16: Thermogravimetric analysis curves of Eet, Met, Det, and corresponding
bases and acid.
Table 0.7 The thermal stability of Eet, Met, Det, and corresponding bases and acid.
Lubricant Onset Temperature (°C) Lubricant Onset Temperature (°C)
Base 1

112.30

Eet

177.48

Base 2

100.36

Met

174.82

Base 3

76.81

Det

141.44

Acid 1

154.33

In Figure 4.16 and Table 4.7, Eet and Met go through decomposition at
temperatures of 177.48°C and 174.82°C, respectively which are mainly due to the
volatilization of the components. The decomposition temperature of Det is around 141.44
°C and substantial mass is lost during the heating process. Comparing the decomposition
temperature of Eet, Det, and their corresponding neutral bases and acid, it is noted that the
thermal property of the corresponding base played an important role on the thermal stability
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of the resulting PIL. Also, the reversal of proton exchange equilibrium in Eet, Met and Det
also caused their mass loss.

Figure 4.17: Thermogravimetric analysis curves of Ets, Mts, Dts, and corresponding
bases and acid.
Table 0.8 The thermal stability of Ets, Mts, Dts, and corresponding bases and acid.
Lubricant Onset Temperature (°C) Lubricant Onset Temperature (°C)
Base 1

112.30

Ets

310.50

Base 2

100.36

Mts

320.08

Base 3

76.81

Dts

322.41

Acid 2

194.45

From the TGA graphs of p-toluenesulfonate-based PILs in Figure 4.17, a weight
change of 1.87%, 2.84%, and 2.32% is observed for Ets, Mts, and Dts respectively as the
temperature increases to 100°C, which can be attributed to water evaporation. After that,
the onset decomposition for Ets, Mts, and Dts occurs at temperatures of 310.50°C,
320.08°C, and 322.41°C, respectively. Comparing the decomposition temperature of the
three p-toluenesulfonate-based PILs and their corresponding neutral bases and acid, the
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thermal property of the acid plays a dominant role on the thermal stability of the resulting
PIL.
In Figure 4.18, the onset decomposition temperature of 317.97°C, 325.96°C, and
328.37°C is obtained for Eds, Mds, and Dds respectively. Similar to the p-toluenesulfonatebased PILs, the thermal property of the corresponding acid also plays an important role on
the resulting dodecylbenzenesulfonate-based PIL.

Figure 4.18: Thermogravimetric analysis curves of Ets, Mts, Dts, and corresponding
bases and acid.
Table 0.9 The thermal stability of Eds, Mds, Dds, and corresponding bases and acid.
Lubricant Onset Temperature (°C) Lubricant Onset Temperature (°C)
Base 1

112.30

Eds

317.97

Base 2

100.36

Mds

325.96

Base 3

76.81

Dds

328.37

Acid 3

245.46
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4.3.4 Viscosity of Protic Ionic Liquids
Viscosity as one of the most important physical properties of a lubricant depends
strongly on the working temperature. Viscosity of PILs is reflective of ion-ion interactions
and the extent of hydrogen bonding among their molecules. Therefore, the temperature
dependence of the dynamic viscosity for all PILs was evaluated and the results are present
in Figure 4.19 - Figure 4.21 and Table 4.10 - Table 4.12. Generally, the viscosity of each
PIL decreases when the temperature increases.
The average dynamic viscosity as a function of temperature of the hexanoatedbased PILs are shown in Figure 4.19 and the viscosity values are summarized in Table 4.10.
Eet experienced a significant decrease of viscosity from 8943.75 cP at 25°C to 59.40 cP at
100°C. Also, Eet presents the highest viscosity during the measured temperature range
which can be attributed to its higher extent of hydrogen bonding between molecules. In
contrast, Det exhibits a much lower viscosity due to a lower extent of hydrogen bonding.

Figure 4.19: The temperature dependence of the dynamic viscosity of Eet, Met, and Det.
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Table 0.10 Average dynamic viscosity of hexanoate-based PILs and their neutral bases
and acid.

Lubricants

Average Dynamic Viscosity (cP)
25 ºC

40 ºC

100 ºC

Base 1

19.02

10.06

2.25

Base 2

10.96

6.35

1.85

Base 3

3.75

2.44

1.24

Acid 1

6.52

4.34

1.59

Eet

8943.75

2405.56

59.40

Met

926.86

301.58

14.72

Det

61.74

27.74

3.71

Since the linear alkyl-benzenesulfonate-based PILs given in the Figure 4.20 and
Figure 4.21 are not in a liquid state at room temperature and even higher temperature, their
viscosity is only collected within a limited temperature range due to the usage limitation
of the viscometer. In Figure 4.20, Ets exhibits a higher viscosity than Mts and Dts from
90ºC - 100ºC. And similarly, Eds also presents a higher viscosity than Mds and Dds during
85ºC - 100ºC. Comparing the viscosity of Ets and Eds at 100ºC, the one with a longer alkyl
chain length in the anionic moiety has a much higher viscosity.
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Figure 4.20: The temperature dependence of the dynamic viscosity of Ets, Mts, and Dts.
Table 0.11 Average dynamic viscosity of p-toluenesulfonate-based PILs.

Lubricants

Average Dynamic Viscosity (cP)
25 ºC

40 ºC

100 ºC

Ets

-

-

70.66

Mts

-

-

29.23

Dts

-

-

26.86

- viscosity is not accessible at this temperature

Figure 4.21: The temperature dependence of the dynamic viscosity of Eds, Mds, and Dds.
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Table 0.12 Average dynamic viscosity of dodecylbenzenesulfonate-based PILs and their
neutral bases and acid.

Lubricants

Average Dynamic Viscosity (cP)
25 ºC

40 ºC

100 ºC

Base 1

19.02

10.06

2.25

Base 2

10.96

6.35

1.85

Base 3

3.75

2.44

1.24

Acid 3

1359.11

417.46

24.85

Eds

-

-

190708.30

Mds

-

-

99653.33

Dds

-

-

30806.67

- viscosity is not accessible at this temperature
4.3.5 Solubility and Stability of Protic Ionic Liquids in Non-Polar and Polar Base Oils
Prior to the study of solubility and stability of PILs as additives, the polarity of the
base mineral oil (MO) and biodegradable oil (BO) needs to be confirmed. To qualitatively
analyze the chemical compositions of these lubricants and to detect the functional groups
of interest, the Fourier transform infrared spectroscopy analysis was conducted for the fresh
lubricant oils at room temperature and the FTIR spectra are present in Figure 4.22.
Figure 4.22 (A) shows the IR spectra of MO and its commercially available
lubricant MOA. Almost no visual difference can be observed between the spectrum of MO
and MOA. The observed peaks around 2952 cm-1/2916 cm-1 can be assigned to the
asymmetric C-H stretching of the CH3/CH2, and peaks of 2858 cm-1/2850 cm-1 can be
attributed to the symmetric stretching bonds of the CH3/CH2. The bending vibration of the
C-H bands occurs around 1456 cm-1 and the symmetric bending of CH3 appeared around
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1377 cm-1. The last peak of 721 cm-1 may come from the C-C out of plane bending [104],
[105]. The spectra in Figure 4.22 (A) confirm the non-polar characteristic of the mineral
oil.
The infrared spectra of BO and BOA are shown in Figure 4.22 (B). Similarly, no
obvious peak changes are detected between the evaluation of IR spectra of BO and BOA.
In the zoomed range, the peak around 3003 cm-1 can be attributed to the stretching vibration
of =C-H band [106]. The peak corresponding to the C-H stretching occurred in 2941 cm-1.
The IR bands around 2920 cm-1 and 2852 cm-1 can be attributed to the symmetric and
asymmetric C-H stretching of the alkyl CH2 [107]. The intense peak corresponding to the
stretching band of C=O can be seen at 1740 cm-1. The peaks around 1464 cm-1 may be
attributed to the C-H in-plane scissoring vibration bands of CH2. The peak corresponding
to the C=C stretch of the C=C-H group can be observed in 1153 cm-1 [108]. The peak of
721 cm-1 can be assigned to the C-C out of plane bending that also occurs in MO and MOA.
The spectra in Figure 4.22 (B) confirm the polar characteristic of the biodegradable oil.
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Figure 4.22: FT-IR spectra of lubricants (A) MO and MOA, (B) BO and BOA.
The investigation of solubility and stability of 1 wt.% PIL in non-polar mineral oil
was conducted and the images are shown in Figure 4.23. In Figure 4.23 (A), deposit appears
on the bottom of the capsules when the Eet and Met mixtures stand for 24 hours. Although
Det is able to dissolve in the mineral oil after observation for 168 hours, the deposit on the
bottom is observed when the Det mixture stands for 720 hours. The extent of hydrogen
bonding and molecular structures of the hexanoate-based PILs may explain their different
solubility and stability behavior with a concentration of 1 wt.% in MO. Particularly, Det,
due to its higher steric hindrance effect, shows a better solubility in mineral oil within a
short period of time. But its ionic nature makes it hard to stabilize in MO for a long time.
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In Figure 4.23 (B) and (C), the pronounced deposit is observed on the bottom of
each centrifugal capsules containing the linear alkyl-benzenesulfonate-based PILs, and no
visual difference can be observed after standing 24 hours, 168 hours and 720 hours. The
reason for this phenomenon can be attributed to the high ionicity of the linear alkylbenzenesulfonate-based PILs, which makes them difficult to dissolve into the non-polar
mineral oil.

Figure 4.23: Proof of stability of 1 wt. % PILs in MO after 24 hours, 168 hours, and 720
hours. (A)-1, Eet; (A)-2, Met; (A)-3, Det; (B)-1, Ets; (B)-2, Mts; (B)-3, Dts; (C)-1, Eds;
(C)-2, Mds; (C)-3, Dds.
The images of solubility and stability of 1 wt.% PIL in polar biodegradable oil (BO)
are given in Figure 4.24. In Figure 4.24 (A), slight visual deposit appears on the capsule
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bottom when Met and Det mixtures stands for 24 hours. However, the accumulation of the
Eet in BO is more obvious. The better solubility of Met and Det in BO can be attributed to
the polar nature of the biodegradable oil, and the higher ionicity of Met and Det at room
temperature with respect to Eet. Also, the higher extent of hydrogen bonding between the
molecules of Eet may also lead to its accumulation in polar base oil.
Figure 4.24 (B) and (C) exhibit the solubility and stability images for the linear
alkyl-benzenesulfonate-based PILs which are derived from different strong acids but same
hydroxyl-alkyl amines. Comparing the images of Eet and Det in Figure 4.24 (A), the
ionicity of the PIL is proposed to play a more important role in their solubility and stability
than their molecular structures in the polar base oil, a higher ionicity may lead to a better
solubility and stability. However, deposit appears on the capsule bottom after observation
for 24 hours for the p-toluenesulfonate-based PILs, although they possess a higher ionicity
than the hexanoate-based PILs. The reason for this phenomenon can be related to the
molecular structures of the PILs where the p-toluenesulfonate-based PILs have a
benzenesulfonate aromatic group with a substituted methyl group presenting in their
anionic moieties. But the hexanoate-based PILs have a relatively long alkyl chain on the
anionic moieties. The impact of ionicity on the solubility and stability can also be seen for
the p-toluenesulfonate-based PILs, where the extent of accumulation of PIL in BO follows
the order of Ets > Mts > Dts.
In addition, in Figure 4.24 (B) and (C), the effect of molecular structures on the
solubility and stability can be clearly observed, where longer alkyl chain length leads to a
better solubility in the base oil due to the dispersion forces acts between their molecules.
Although deposit is also observed on the bottom of the centrifugal capsules when the
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dodecylbenzenesulfonate-based PILs mixtures stand for 24 hours, the appearance of the
deposit becomes mild than that of the p-toluenesulfonate-based PILs.

Figure 4.24: Proof of stability of 1 wt. % PILs in BO after 24 hours, 168 hours, and 720
hours. (A)-4, Eet; (A)-5, Met; (A)-6, Det; (B)-4, Ets; (B)-5, Mts; (B)-6, Dts; (C)-4, Eds;
(C)-5, Mds; (C)-6, Dds.
4.4 Conclusions
In this work, a weak carboxylic acid and strong alkyl-benzenesulfonic acids with
different alkyl chain length were combined respectively with three alkanol amines with
differing basicity to obtain three families of PILs. The physicochemical properties of these
PILs are summarized below:
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1. In general, the ionic conductivity of PILs increases with the increasing of
temperature, but the weak hexanoic acid-derived PILs have reduction in conductivity when
temperature is higher than 70°C, which is due to the reversal in the equilibrium reaction.
2. PILs derived from the strong alkyl benzenesulfonic acids have higher ionicity
than the ones from weak hexanoic acid. Particularly, the base with higher basicity will lead
to the resulting PIL with higher ionicity.
3. Viscosity of each PIL decreases with the increasing temperature. For each family,
PIL from the amine with the lowest basicity exhibits the highest viscosity, due to its highest
extent of hydrogen bonding.
4. Compared to the weak acid-derived PILs, the ones derived from strong
benzenesulfonic acids have higher viscosities, and the longer alkyl chain length in the anion,
the higher viscosity of the resulting PIL.
5. Generally, the addition of any PIL increases the viscosity of the base oils, and
the viscosity increase is greater when PILs derived from strong benzenesulfonic acid with
long alkyl chain length are added. Particularly, the increase is more evident when these
PILs are added to the polar oil compared to the non-polar oil.
6. The strong acids-derived PILs have higher thermal stability than the ones from
weak acid.
7. When acid is weak, the strength of the base plays an important role on the thermal
stability of the resulting PIL; but when acid is strong, the acid will dominate the thermal
stability of the PIL.
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8. The use of PIL improved the thermal stability of the base oils. Particularly, PILs
derived from strong alkyl benzenesulfonic acids have more potential to improve the
thermal stability of the non-polar base oil.
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Chapter 5: The Study of Protic Ionic Liquids as Neat Lubricants under
Steel-Steel and Steel-Al Contacts
In chapter 4, three families of PILs that are derived from different acids with
varying acidity and alkyl chain length and hydroxyl-alkyl amines with differing basicity
were synthesized and characterized. The physicochemical properties such as dynamic
viscosity, thermal stability, ionic conductivity, etc. were studied and correlated to their
molecular structures.
In this chapter, the tribological performance of neat PILs and their corresponding
neutral bases and acid is investigated under a boundary lubrication regime (the calculation
is presented in Appendix) at steel-steel and aluminum-steel contacts. Among the
synthesized PILs, only the hexanoate-based PILs, Eet, Met, and Det are in a liquid state at
room temperature. Considering the experimental conditions, only Eet, Met, and Det are
studied as neat lubricants and their lubrication mechanisms are discussed at steel-steel and
aluminum-steel contacts. On comparison purposes, the lubricating ability and anti-wear
properties of two commercial lubricants (MOA and BOA) and their corresponding base
mineral oil (MO) and biodegradable oil (BO) are also evaluated. The wear mechanism of
the worn steel/aluminum disks and the interactions between sliding surfaces and PILs are
investigated in this work.
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5.1 Thermal Stability and Viscosity of the Comparative Lubricants
Prior to the study of the different tribological behaviors between the neat PILs, the
thermal stability of MO, MOA, BO, and BOA was evaluated through the
thermogravimetric analysis and the results are present in Figure 5.1 and Table 5.1. Although
the chemical components of the additives in the commercial lubricants are not detected
through FTIR (see Figure 4.22), the thermal stability of the commercial lubricant MOA
and BOA is slightly higher than that of their corresponding base lubricant MO and BO.
Particularly, BOA exhibits the highest thermal stability with the onset decomposition
temperatures of 332.86C.

Figure 5.1: TGA characterization of MO, MOA, BO, and BOA.
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Table 0.1 Thermal stability of MO, MOA, BO, and BOA.

Lubricant

Onset Temperature (°C)

MO

267.12

MOA

288.46

BO

323.33

BOA

332.86

The average dynamic viscosity as a function of temperature for MO, MOA, BO,
and BOA is plotted in Figure 5.2 and Table 5.2. The viscosity of each lubricant decreases
with the increment of temperature from 25°C to 100°C. In general, MO, MOA, BO, and
BOA exhibit close viscosity values under each temperature.

Figure 5.2: Average dynamic viscosity of lubricants under varying temperatures.
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Table 0.2 The viscosity of MO, MOA, BO, and BOA.

Dynamic Viscosity (cP)
Lubricant
25 ºC

40 ºC

100 ºC

MO

92.78

42.54

5.90

MOA

95.22

42.89

5.95

BO

85.02

45.48

8.76

BOA

86.44

45.86

8.89

5.2 Tribological Properties of Neat PILs under Steel-Steel Contact
5.2.1 Friction Coefficient and Wear Rate
The frictional tests were carried out according to the experimental conditions given
in Chapter 3. Figure 5.3 (A) shows the average values of the friction coefficients after
sliding 108 meters using neat PIL and their corresponding base and acid. In Figure 5.3 (B),
the average friction coefficient was revealed after using MO, MOA, BO, BOA, and each
neat PIL. In Figure 5.3 (A), the use of any PIL reduced the friction coefficient compared
to its neutral base and acid. the components of PILs (the neutral base, ethanolamine, Nmethylethanolamine, and N, N-dimethylethanolamine, and the 2-hexanoic acid) showed
higher friction coefficient values compared to the neat PIL. But the neat 2-hexanoic acid
exhibited a better anti-friction behavior than that of the neutral bases with the friction
reductions of 32.50 % and 34.80 % with respect to using MO and BO as lubricants.
Compared to the commercial lubricants and base oil MO and BO (in Figure 5.3
(B)), neat Eet, Met, and Det exhibited superior lubricating abilities on steel disks with an
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average friction coefficient of 0.038, 0.032, and 0.059, respectively. Particularly, the
friction reductions up to 63.80 /65.62 %, 69.53 /70.90 %, and 43.84 /46.52 % were obtained
using Eet, Met, and Det respectively with respect to MO/BO.

Figure 5.3: Average friction coefficient of steel-steel contact with (A) neat PILs and their
corresponding neutral bases and acid, and (B) commercial lubricants and their base oils.
Figure 5.4 plots the wear rates of the steel disks treated with different lubricants. In
Figure 5.4 (B), the steel disks lubricated with neat Eet have the least wear loss where a
wear reduction of 80.50 % and 65.23 % were obtained with respect to MO and MOA,
respectively. In addition, a significant wear reduction up to 94.43 % and 60.32 % were
received as compared to BO and BOA, respectively. However, the neutral base
ethanolamine showed the wear rate two order of magnitude higher than that of neat Eet
under the same testing conditions (see Figure 5.4 (A)). Neat N-methylethanolamine or
N’N-dimethylethanolamine also exhibited higher wear rate than their resulting PIL, Met
and Det. However, the 2-hexanoic acid provided a significant lubrication benefit with a
wear reduction of 50.02 % and 85.64 % compared to MO and BO, respectively. This wear
rate reduction can be attributed to the carboxyl group (-COOH) of the neutral acid which
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tends to adsorb on the metal surface during the rubbing process, leaving the alkyl chains
moving along the sliding direction that yields a lower friction force.

Figure 5.4: Wear rate of the steel disks after lubricated by (A) neat PILs and their
corresponding neutral bases and acid, and (B) commercial lubricants and their base oils.
5.2.2 Wear Morphology on Steel Disks
The optical images of the worn steel surfaces are shown in Figure 5.5. Abrasive
marks and plastic deformation along the borders of the wear tracks can be observed in most
images. Compared to the wear tracks obtained with MO, MOA, and BO, the wear tracks
are narrower and more uniform when neat PILs were used as lubricants. This confirms the
good lubricating abilities of Eet, Met and Det. Corrosion was observed when the steel disks
were lubricated with Det. The use of Eet generates the narrowest wear track with minimal
abrasive marks along the sliding direction. The wear width of the track obtained with Eet
was 41.82 % narrower than the track on the steel disk lubricated with MO, and 29.63 %
narrower than the track treated using MOA. These important differences can be clearly
observed in the 3D profiles of the wear tracks in Figure 5.6.
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Figure 5.5: Optical images of wear tracks on the steel disks after sliding 108 m and
lubricated with MO, MOA, BO, BOA, Eet, Met, and Det.
In Figure 5.6, the wear track obtained with using BO is the widest and deepest
among the wear tracks. The significant difference in the worn morphology or friction
behavior (as revealed in Figure 5.3) between neat PILs and other lubricants was suspected
to be caused by their different lubrication mechanisms. According to the calculation of
lambda ratio (λ) of lubrication film thickness and the composite roughness of two contact
surfaces (see Appendix), all lubricants in this study are in a boundary lubrication regime
where the λ values are smaller than 1.
Therefore, the excellent tribological performance of PILs, particularly Eet and Met,
can probably be attributed to the formation of tribofilms on the steel surfaces to protect
them from wear.
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Figure 5.6: 3D morphology on the worn steel disks after lubricated with MO, MOA, BO,
BOA, Eet, Met, and Det.
5.2.3 Wear Mechanism and Surface Interactions between Neat PIL and Steel Disks
In order to better understand the lubricating mechanism of the PILs, scanning
electron microscope (SEM) micrographs and energy dispersive X-ray spectroscopy (EDS)
results are presented and summarized in Figure 5.7. Abrasive marks can be seen in all worn
surfaces from the SEM micrographs. Observing the wear track obtained with using BO,
pronounced abrasive traces with plastically deformed materials accumulated along the
border was found. On the steel surface lubricated with Eet, the wear track is narrower and
more superficial. The EDS results show a slightly increase of carbon and oxygen inside of
the wear tracks obtained with MO, MOA, BO, and BOA. The increment of carbon may
probably come from the lubricants while the increase of oxygen inside the wear track can
be related to the oxidation on the worn surfaces. A higher amount of carbon was detected
inside the wear track lubricated with neat Eet. The higher amount of carbon inside the wear
track confirms a tribo-chemical reaction took place between Eet and elements of the steel.
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The carbon-richened tribo-film may be responsible for its superior anti-wear property.
When the steel surface was lubricated with Det, the generation of an oxygen-richened tribofilm is also confirmed where a higher amount of oxygen was detected inside the wear track.
It seems the carbon-richened tribo-film is more effective than the oxygen-richened tribofilm under the experimental conditions in this study.
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Figure 5.7: (Left) SEM micrographs of wear tracks on the steel disks and (Right) EDS
spectrum of the difference between inside and outside the wear track after lubricated with
MO, MOA, BO, BOA, Eet, Met, and Det.
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5.3 Tribological Properties of Neat PILs under Aluminum-Steel Contact
5.3.1 Friction Coefficient and Wear Rate
In addition to the steel-steel contact, the tribological performance of neat PILs was
also studied in an aluminum-steel contact. Figure 5.8 exhibits the average friction
coefficient values after the frictional tests lubricated with neutral bases, acids, and their
resulting PILs (see Figure 5.8 (A)) as well as the baseline lubricants (see Figure 5.8 (B)).
Eet possesses a better lubricating ability than other studied lubricants when served as a neat
lubricant on the aluminum disk, showing a friction reduction of 54.98 %, 48.17 %, 46.87 %,
and 31.65 % compared to MO, MOA, BO, and BOA, respectively. While, Det that is
derived from the tertiary alkanol amine with the highest basicity, caused a high friction
when used as neat lubricant. The friction coefficient present in Figure 5.8 (B) revealed that
the friction reduction ability of neat PILs follows the order of Eet > Met > Det. Similar to
the steel-steel contacts, the use of neat 2-hexanoic acid on aluminum disk also presents a
better friction-reducing behavior compared to using neat neutral amines.

Figure 5.8: Average friction coefficient of Al-steel contact with (A) neat PILs and their
corresponding neutral bases and acid, and (B) commercial lubricants and their base oils.
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Figure 5.9 shows the average wear rate of aluminum disk after sliding 108 m using
each lubricant. In Figure 5.9 (A), in addition to the good lubricating capacity, 2-hexanoic
acid also showed better anti-wear property than the neutral bases on the aluminum surface.
It is noted that each PIL has a better wear-resistant property than their corresponding
alkanol amine and acid. Particularly, in contrast to neat ethanolamine, the use of its
resulting PIL, Eet, received a wear reduction up to almost 100 % on the aluminum disks.
Also, neat Eet improved significantly the anti-wear properties of the aluminum-alloy disks
with wear reductions of 83.43% and 76.62% obtained compared to MO and MOA;
Particularly, wear reductions of 95.4 % and 94.98 % were achieved after neat Eet was used
with respect to BO and BOA. Compared to neat Eet, Det exhibited a poor wear behavior
when treated as neat lubricant where the wear rate of the aluminum-alloy disks is much
higher than that using neat Eet.

Figure 5.9: Wear rate of the Al disks after lubricated by (A) neat PILs and their
corresponding neutral bases and acid, and (B) commercial lubricants and their base oils.
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5.3.2 Wear Morphology on Aluminum Disks
The morphology of the wear tracks on aluminum-alloy disks can be seen in Figure
5.10 and Figure 5.11, after treated with different lubricants. Corresponding to the high wear
rate obtained using BO and BOA, a broad wear track with severe abrasive marks and plastic
deformation can be observed from the optical images in Figure 5.10. In addition, the large
wear depth can also be seen from their 3D profiles in Figure 5.11. While, scuffing and
peeling occurred on aluminum surfaces when lubricated with MO and MOA, which can be
attributed to the abrasive and adhesive wear.

Figure 5.10: Optical images of wear tracks on the Al disks after sliding 108 m and
lubricated with MO, MOA, BO, BOA, Eet, Met, and Det.
However, the use of neat Eet leads to an extremely superficial wear track with very
fine parallel abrasive marks on the aluminum surface. Compared to Det, Eet greatly
decreased the severity of the abrasive wear on aluminum by decreasing both the width and
depth of the wear track (see Figure 5.11). Different from BO and BOA, when Det was used
as neat lubricant, the track is wide but the borders of the wear track are quite sharp without
obvious plastic deformation seen along the borders.
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Figure 5.11: 3D morphology on the worn Al disks after lubricated with MO, MOA, BO,
BOA, Eet, Met, and Det.
5.3.3 Wear Mechanism and Surface Interactions between Neat PIL and Aluminum Disks
To explore the wear mechanism of aluminum-alloy disks after lubricated with neat
PILs and different base oils, as well as to understand the lubricating mechanism of neat
PILs on aluminum surfaces, the SEM images of the worn surface morphology and EDS
spectra for both inside and outside of wear tracks were captured and reported in Figure
5.12. When the aluminum disk was treated with MO, adhesive wear with severe abrasive
marks appeared after the sliding motion. While, on the worn aluminum surfaces treated
with BO and BOA, wear debris, grooving traces, and small pits inside the track and
plastically deformed material formed along the borders were observed from the SEM
micrographs.
A certain amount of carbon and oxygen are found inside the wear tracks when
aluminum surfaces were lubricated with MO, MOA, BO, and BOA from the EDS results
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in Figure 5.12. The increase of carbon is attributed to come from the base lubricant and
oxygen should be related to the oxidation on the worn aluminum surfaces [81], [109].
The use of Eet and Met as neat lubricants on aluminum surfaces made the wear
tracks narrower and shallower than those obtained by lubricating with other baseline oils.
EDS results show that, with the use of neat Eet, a higher level of carbon and oxygen were
detected inside of the worn aluminum track. This phenomenon confirms a tribo-chemical
reaction between Eet and the components of aluminum disks [81], [91], [110]. The
generated tribo-film may be responsible to the superior wear resistant property of Eet,
where the least material loss was obtained when neat Eet was used in Figure 5.9. With
respect to Eet, the use of neat Det made the wear track much wider with wear debris and
flakes seen on the worn surface (see the SEM images). The poor wear behavior of Det may
be related to its ionicity, which is higher than Eet and Met, leading to a strong tribocorrosion reactions between Det and aluminum disks. From the EDS results, a higher
amount of carbon was also detected inside the wear track after the aluminum disk was
lubricated with Det. Different from Eet, the use of Det leads to a slightly lower amount of
oxygen detected inside the wear track. Therefore, an oxygen-richened tribo-film also plays
an important role on the wear behaviors on aluminum surfaces.
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Figure 5.12: (Left) SEM micrographs of wear tracks on the aluminum disks and (Right)
EDS spectrum of the difference between inside and outside the wear track after
lubricated with MO, MOA, BO, BOA, Eet, Met, and Det.
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5.4 Conclusions
In this chapter, the tribological property of neat PILs, 2-hydroxyethylammonium 2ethylhexanoate (Eet), 2-hydroxymethylammonium 2-ethylhexanoate (Met), and 2hydroxydimethylammonium 2-ethylhexanoate (Det) was investigated under steel-steel and
aluminum-steel contacts.
In steel-steel contact, all neat PILs provided significant reductions in friction
coefficient and wear rate with respect to the commercial oils and their corresponding base
oils. Specifically, Det, whose ionicity is the highest among the three PILs, presents the
lowest friction and wear reduction. In addition, Eet, possessing the highest extent of
hydrogen bonding among its molecular structures, leads to the least wear loss of steel disks.
The tribo-film generated on steel substrate is attributed to the good tribological
performance.
In aluminum-steel contacts, the use of neat PILs reduced friction and wear rate
effectively compared to the base oils. Eet that possess the highest extent of hydrogen
bonding but the lowest ionicity, improves significantly the anti-wear properties of the
aluminum-alloy disks with wear reductions compared to base oils. Det, with the highest
ionicity but the lowest extent of hydrogen bonding, exhibites a poor wear behavior when
treated as neat lubricant. The underlying reason is probably due to the high ionicity of Det
that promote detrimental tribo-corrosion reactions and accelerate the wear loss of the
aluminum.
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Chapter 6: The Study of Protic Ionic Liquids as Additives under SteelSteel Contact
The lubricating ability and anti-wear properties of neat PILs have been studied on
steel-steel and aluminum-steel systems in chapter 5. The lubricating mechanism of PILs as
neat lubricants on steel and aluminum surfaces are discussed. The ionicity of PIL is found
to play an important role on the tribological behaviors when neat PIL was treated on
different material interfaces.
In this chapter, the tribological performance of each hexanoate-based PIL and linear
alkyl-benzenesulfonate-based PIL is evaluated as an additive to a non-polar mineral oil and
a polar biodegradable oil under steel-steel contacts. Viscosity and thermal stability of the
PIL-Oil blends are investigated to understand how they are affected by PILs with varying
hydrogen bonding strength, ionicity, and molecular structure. After frictional tests, the
worn morphonology of the steel disks are captured by an optical microscope and a 3Dprofilometer. The wear mechanism of the worn steel disk and lubricating mechanism of
PILs as lubricant additives are characterized through scanning electron microscopy with
energy dispersive X-ray spectroscopy, and Raman spectrometry.
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6.1 Protic Ionic Liquids as Additives to a Non-Polar Base Oil
Prior to the measurements of viscosity and thermal stability, each 1%PIL+MO
blend was ultrasonicated for at least 5 mins using an ultrasonic processor.
6.1.1 Thermal Stability and Viscosity of PIL-MO Blends
The weight loss as a function of temperature of MO, MOA, and each 1%PIL+MO
blend was evaluated under air atmosphere. The thermalgravimetric analysis curves for
these lubricants have been plotted in Figure 6.1 and their onset decomposition temperature
are summarized in Table 6.1. In general, adding PILs to MO increased the thermal stability
of MO. The PIL-MO blends exhibited a comparative or even higher thermal stability than
the commercial lubricant MOA. It is noted that the dodecyl-benzenesulfonate-based PILs,
Eds, Mds, and Dds, have a significant improvement on the thermal stability of MO,
showing the onset decomposition temperature of 298.23°C, 296.06°C, and 294.65°C,
respectively. Meanwhile, an increase on the thermal stability of MO can also be observed
in Figure 6.1 (B) when p-toluenesulfonate-based PILs were added to the base oil.
The thermal stability of neat alkyl-benzenesulfonate-based PILs has been evaluated
in chapter 4 where the PIL with a longer alkyl chain length showed a slightly higher
decomposition temperature than the one with a short chain. When these PILs are used as
an additive, the PILs having longer alkyl chain showed a stronger capability to improve
the thermal stability of base non-polar mineral oil than the short-chain benzenesulfonate
PILs. The reason of this phenomenon can be attributed to the long alkyl chain that
strengthened the intermolecular forces between PIL and MO.
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Figure 6.1: Thermogravimetric analysis curves of different lubricants.
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Table 0.1 Thermal stability of MO, MOA, and 1%PIL+MO.

Lubricant

Onset Temperature (°C)

MO

267.12

MOA

288.46

1%Eet+MO

281.69

1%Met+MO

273.42

1%Det+MO

284.29

1%Ets+MO

292.10

1%Mts+MO

292.75

1%Dts+MO

286.03

1%Eds+MO

298.23

1%Mds+MO

296.06

1%Dds+MO

294.65

The average dynamic viscosity as a function of temperature for MO, MOA, and
1%PIL+MO are summarized in Table 6.2. Most of the PILs enhanced the viscosity of MO
under the room temperature, probably due to the strong hydrogen bonding between
molecules of PILs. Particularly, the viscosity enhancement is more evident when dodecylbenzenesulfonate-based PILs were used as additives, leading to a higher intermolecular
force. When the temperature increased to 100C, the PIL-MO blends showed similar
viscosities to the base oil.
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Table 0.2 The viscosity of MO, MOA, and 1% PIL+MO.

Dynamic Viscosity (cP)
Lubricant
25 ºC

40 ºC

100 ºC

MO

85.42

40.54

5.94

MOA

89.70

40.81

6.15

1%Eet+MO

91.65

41.57

6.50

1%Met+MO

90.08

41.45

6.21

1%Det+MO

87.11

39.23

6.09

1%Ets+MO

91.72

41.85

6.01

1%Mts+MO

91.16

41.24

5.89

1%Dts+MO

90.57

41.25

5.76

1%Eds+MO

96.95

43.27

5.79

1%Mds+MO

96.93

43.37

5.79

1%Dds+MO

105.45

43.51

5.74

6.1.2 Friction Coefficient and Wear Rate
In the steel-steel contacts, the average values of the friction coefficient after using
MO, MOA, and 1%PIL+MO are compared in Figure 6.2 (A). The use of 1 wt.% PIL
improved the lubricating ability of MO, with a maximum friction reduction of 36.19 %
obtained when Dds was used as an additive.
The presence of hexanoate-based PILs improved the lubricating ability of MO,
showing similar friction coefficient values to that obtained using commercial lubricant,
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MOA. When Dts was added to MO, this blend exhibited a better friction reduction behavior
compared to 1%Mts+MO and 1%Dts+MO which may be due to the higher ionicity of Dts,
leading to a stronger adsorption of Dts to the steel surface. However, although Dds has a
relatively lower ionicity than Dts, 1%Dds+MO showed a lower friction coefficient than
1%Dts+MO. The reason can be related to the long alkyl chain of Dds, which can enhance
the intermolecular forces between Dds and the molecules of mineral oil, leading to a firm
and ordered lubricating film on steel.

Figure 6.2: (A) Average friction coefficient of steel-steel contacts lubricated with MO,
MOA, and 1%PIL+MO; and (B) wear rate of the steel disks after treated with lubricants.
The wear rate of steel disks treated with different lubricants is shown in Figure 6.2
(B). The inlet reveals a clear difference of wear rate between using MO, MOA, and each
1%PIL+MO. Compared to MO, the maximum wear reduction around 48.02% was obtained
when the hexanoate-based PIL were used as additives. The presence of benzenesulfonatebased PILs also enhanced the wear resistance of MO, but the higher ionicity of them caused
the wear of steel slightly higher than that using the hexanoate-based PILs.

88

6.1.3 Wear Morphology on Steel Disks
Optical images of worn steel surfaces treated with MO, MOA, and PIL-MO blends
are displayed in Figure 6.3. Plastic deformation can be seen at the borders of all wear tracks.
Severe abrasive marks are seen on the worn surfaces when tests are lubricated with MOA.
Corresponding to the lower wear rate shown in Figure 6.2 (B), narrower and more uniform
wear tracks can be observed when the hexanoate-based PILs-blends are employed on steel
surfaces.

Figure 6.3: Optical images of wear tracks on the steel disks after sliding 108 m and
lubricated with MO, MOA, and 1%PIL+MO.
The wear reduction obtained when 1 wt.% PIL is present in MO can be verified in
the 3D images and 2D profiles of the worn steel surfaces in Figure 6.4. The addition of any
PIL with a 1 wt.% concentration to MO greatly decreased the width and depth of the wear
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track. When using MO, the wear track is quite severe as can be seen in Figure 6.3 and 6.4.
The 2D profile shows that the depth of the wear track is about 6 µm and the width reaches
to 250 µm. However, when Eet is present, the wear resistance of the steel surface is
increased where the wear track is only 2 µm deep and 160 µm.

Figure 6.4: 3D profiles (displayed in the upper row) and 2D profiles (displayed in the
down row) of the wear tracks on worn steel disks after treated with various lubricants.
6.1.4 Wear Mechanism and Surface Interactions between PIL-Oil Blends and Steel Disks
In order to analyze the wear mechanism of the steel surfaces, SEM characterization
was performed on the worn steel disks after lubricated with MO, 1%Eet+MO, 1%Ets+MO,
and 1%Eds+MO, and the SEM images are displayed on the left side of Figure 6.5. Also, to
investigate the surface interactions between the PIL-MO blends and steel surface, EDS was
carried out inside and outside of the wear tracks after tests treated with different lubricants
(see Figure 6.5).
Comparing the SEM images in Figure 6.5, the wear track lubricated with
1%Eet+MO, 1%Ets+MO, and 1%Eds+MO are narrower than the one treated with MO.
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Specifically, the addition of Eet or Eds made the wear track more superficial with minimal
abrasive marks compared to MO. The accumulated plastically deformed materials can be
found along the wear tracks obtained using MO and PIL+MO.

Figure 6.5: SEM micrographs of wear tracks on the steel disks after treated with MO and
each PIL-MO blend (displayed on the left); and EDS spectrum inside and outside the
wear track treated with various lubricants (displayed on the right).
From the EDS spectra, the surfaces lubricated with 1%Ets+MO and 1%Eds+MO
showed much higher amount of oxygen inside the wear tracks compared to MO. The higher
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amount of oxygen confirms the tribo-chemical reactions between PIL and components of
the steel disk where an oxygen-richened tribo-film was formed on the steel surfaces.
In order to gain a further insight into the tribo-chemical reactions between the PILMO blends and steel substrate, the chemistry of the resulting surface reaction films was
characterized by Raman spectroscopy and the Raman spectra inside and outside the wear
track after a test lubricated with MO and 1%Eds+MO are shown in Figure 6.6.

Figure 6.6: Raman spectrum inside and outside wear track on steel disks lubricated with
(A) MO and (B) 1%Eds+MO.
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In Figure 6.6 (B), when the steel substrate was lubricated with 1%Eds+MO, the
Raman spectra obtained inside the wear track exhibited a mixture of iron oxides. The solid
red curve represents the spectrum detected from the region marked with red point, and the
dashed red spectrum is found in the area labeled with the dashed circle. Very strong peaks
corresponding to hematite, α-Fe2O3, were found around 218 and 280 cm-1, which are in
agreement with the values in literature [111]. A medium peak of α-Fe2O3 can also be seen
at 404 cm-1 [111] [112]. After that, a relatively broad and strong magnetite band (Fe3O4) is
observed around 662 cm-1. In the range of 1300 - 1600 cm-1, two strong bands D and G
appear which can be attributed to the graphite structures formed on steel surfaces due to
the decomposition of the hydrocarbon radicals [112]. The compounds generated on top of
the steel surface further confirmed the formation of tribo-film when PIL is used. However,
the tribo-film will probably be flaked off or worn out during the sliding process (see the
red dashed circle area). When MO was employed on steel surface, the iron oxide also
occurred inside the wear track as can be seen from the spectrum in Figure 6.6 (A) but the
spectrum intensity is lower than that of solid red spectrum in Figure 6.6 (B). The results
can also explain why the presence of Eds enhanced the wear resistance of MO in Figure
6.2 (B).
6.2 Protic Ionic Liquids as Additives to the Polar Base Oil
Under the steel-steel contacts, the tribological behavior of the PILs as additives to
the polar biodegradable oil (BO) was also evaluated at ambient temperature. The
commercially available lubricant BOA was used for comparative control.
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6.2.1 Thermal Stability and Viscosity of PIL-BO Blends
Thermal stability for BO, BOA, and each PIL-BO blend was characterized and are
reported in Figure 6.7 and Table 6.3. As mentioned in chapter 4, decomposition occurred
at temperatures around 310.50°C, 320.08°C, 322.41°C, 317.07°C, 325.96°C, and 328.37°C
for neat Ets, Mts, Dts, Eds, Mds, and Dds, respectively. Also, a similar decomposition
temperature, 323.33°C was obtained for the base oil BO (see Table 6.3). However, each
PIL-BO blend was detected to be more thermal stable than their corresponding neat PIL
and BO, displaying a close onset decomposition temperature to BOA, which is 332.86°C.
Different from the PIL-MO blends (see in Figure 6.1 and Table 6.1), no significant
variations of the onset decomposition temperature can be observed between the PIL-BO
blends. But all the PIL-BO blends exhibited higher thermal stability than their
corresponding PIL-MO blend. The phenomenon can be related to the polar nature of the
base oil BO, leading to a stronger interaction between the molecules of a PIL and BO
through ion-dipole and dipole-dipole interaction forces.

94

Figure 6.7: Thermogravimetric analysis curves of different lubricants.

95

Table 0.3 Thermal stability of BO, BOA, and 1%PIL+BO.

Lubricant

Onset Temperature (°C)

BO

323.33

BOA

332.86

1%Eet+BO

333.75

1%Met+BO

335.58

1%Det+BO

333.18

1%Ets+BO

331.49

1%Mts+BO

332.01

1%Dts+BO

335.59

1%Eds+BO

336.44

1%Mds+BO

335.93

1%Dds+BO

335.05

The average dynamic viscosity of BO, BOA, and each PIL+BO blend at 25°C, 40°C,
and 100°C are given in Table 6.4. the use of linear alkyl-benzenesulfonate-based PILs
increased the viscosity of BO. Particularly, a prominent increment of viscosity can be seen
when the dodecyl-benzenesulfonate-based PILs were added to BO at room temperature. In
contrast, the addition of hexanoate-based PILs just slightly changed the viscosity of BO.
However, as the temperature increases to 100°C, all PIL-BO blends showed a similar
viscosity to the base oil.
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Table 0.4 The viscosity of BO, BOA, and 1% PIL+BO.

Dynamic Viscosity (cP)
Lubricant
25 ºC

40 ºC

100 ºC

BO

85.02

45.48

8.76

BOA

86.44

45.86

8.89

1%Eet+BO

87.88

46.76

8.69

1%Met+BO

85.87

45.80

8.67

1%Det+BO

84.29

44.94

8.61

1%Ets+BO

90.34

48.49

9.06

1%Mts+BO

89.67

47.58

9.03

1%Dts+BO

89.10

48.31

8.93

1%Eds+BO

98.85

50.34

8.95

1%Mds+BO

97.79

50.12

8.95

1%Dds+BO

111.2

52.24

8.98

6.2.2 Friction Coefficient and Wear Rate
To study the anti-friction and wear-resistant properties of these PIL-BO blends
under steel-steel contact, frictional tests were operated under room temperature in accord
with the parameters summarized in Table 3.4, and the average friction coefficients with
different lubricants are shown in Figure 6.8 (A). The addition of any PIL can effectively
lower the friction coefficient of BO in a steel-steel contact where a remarkable friction
reduction up to 70.27 % and 63.26 % was obtained when 1%Ets+BO was used compared
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to BO and BOA, respectively. Comparing the hexanoate-based PILs, the ionicity of the
three PILs follows the order of Det > Met > Eet at room temperature (see conductivity
results in Table 4.1). Compared to Eet, the presence of Det in BO exhibited a much better
friction behavior, where a friction reduction of 69 % and 61 % was obtained with respected
to BO and BOA respectively. The reason for this phenomenon may be related to the higher
ionicity of Det than Eet, leading to a more stable PIL lubricating film formed on steel
surface when only 1 wt.% Det was used. Ets, has a much higher ionicity than Det, improved
significantly the lubricating ability of BO. However, the use of Dts as additive to BO
increased the friction coefficient compared to that of Ets, whose ionicity is relatively lower.
The ion-paring effect in Dts may be responsible to this behavior. For the
dodecylbenzenesulfonate-based PILs, the PIL-BO blends showed similar lubricating
performance on steel substrate.
In Figure 6.8 (B), the presence of hexanoate-based PILs enhanced significantly the
wear resistance of BO, leading to a similar wear rate when BOA was employed. The PILBO blends have the linear alkyl benzenesulfonate-based PILs involved all exhibited good
anti-wear properties in steel-steel contacts.
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Figure 6.8: (A) Average friction coefficient of steel-steel contacts lubricated with BO,
BOA, and 1%PIL+BO; and (B) wear rate of the steel disks after treated with different
lubricants.
6.2.3 Wear Morphology on Steel Disks
Figure 6.9 shows the optical images of wear tracks on steel disks treated with BO,
BOA, and each PIL-BO blend. A much wider wear track with severe abrasive marks was
seen when BO was used, and the wear depth is also larger than other tracks that can be seen
from the 3D profiles in Figure 6.10. When the steel disks were lubricated with PIL-BO
blends that have benzenesulfonate-based PILs as additives, the wear tracks are narrow,
uniform, and superficial, which can be formed from their 2D profiles in Figure 6.10. But
clear abrasive marks can be seen when the p-toluenesulfonate-based PILs were used as
additives with respect to that using hexanoate-based PILs.
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Figure 6.9: Optical images of wear tracks on the steel disks after sliding 108 m and
lubricated with BO, BOA, and 1%PIL+BO.

Figure 6.10: 3D profile (displayed in the upper row) and 2D profiles (displayed in the
down row) of the wear tracks on worn steel disks after lubricated with BO, BOA,
1%Eet+BO, 1%Ets+BO, and 1%Eds+BO.
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6.2.4 Wear Mechanism and Surface Interactions between PIL-oil Blends and Steel Disks
SEM and EDS characterization inside and outside wear tracks on steel surfaces
were carried out after the disks were lubricated with BO, 1%Eet+BO, 1%Ets+BO, and
1%Eds+BO. The SEM micrographs and the EDS spectra are shown in Figure 6.11. In order
to study the surface interactions between the PIL-BO blends and steel surface, Raman
microscope was also used and the Raman spectra are displayed in Figure 6.12.
Comparing the SEM images in Figure 6.11, the wear tracks lubricated with
1%Eet+BO, 1%Ets+BO, and 1%Eds+BO are much narrower than the one lubricated with
BO. The wear mechanism of steel when lubricated with BO is mainly abrasive wear with
plastic deformation. Comparing the EDS results, the surfaces lubricated with 1%Ets+BO
showed much higher amount of oxygen inside the wear track compared to other lubricants;
While, when steel surface was treated with 1%Eds+MO, a slightly higher amount of carbon
was detected inside of the wear track. The formation of the oxygen-richened or carbonrichened tribo-film on steel surface was confirmed through Raman spectroscopy.
BO, as a neat lubricant, exhibits a very poor tribological performance on steel (see
Figure 6.8). Compared to Eet, Ets and Eds behaved better as additives in BO in terms of
friction and wear. It is assumed that Ets and Eds, due to their higher extent of ionic strength,
have a higher propensity to react with the steel surface to generate a tribo-film which grows
quickly to effectively protect the steel surface.
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Figure 6.11: SEM micrographs of wear tracks on the steel disks after treated with
various lubricants (displayed on the left); and EDS spectrum inside and outside the wear
track lubricated with BO and each PIL-BO blend (displayed on the right).
Figure 6.12 shows the Raman spectrum inside and outside the wear tracks on steel
disks lubricated with BO (in Figure 6.12 (A)) and 1%Eds+BO (in Figure 6.12 (B)). Similar
to Figure 6.6, a mixture of iron oxides, hematite, α-Fe2O3, and magnetite, Fe3O4, were also
found on the steel disks. The spectrum of BO or 1%Eds+BO exhibits the strong D band
and extremely weak G band. The high ration of intensity of D/G bands indicates that the
formed carbon compounds inside the wear track is in a disordered structure [113].
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Figure 6.12: Raman spectrum inside and outside wear track on steel disks lubricated
with (A) BO and (B) 1%Eds+BO.
6.3 Conclusions
In this chapter, all synthesized PILs were tested as additives to a non-polar mineral
oil and a polar biodegradable oil, and their tribological properties were investigated and
compared under a steel-steel contact. The use of each PIL not only improved the lubricity
of the base oils but also enhanced their anti-wear properties.
Compared to the non-polar oil, the addition of PILs to polar base oil showed higher
improvement in terms of friction and wear. Particularly, the presence of Ets with high
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ionicity but short alkyl chain in the anion obtained the maximum friction reduction
compared to the polar oil.
Meanwhile, the benzenesulfonate-based PILs, with high extent of ionic strength,
have been proved to significantly lower the wear rate when present in the polar base oil.
EDS analysis and Raman spectra inside and outside wear track after lubricated with
PIL blend have confirmed the generation of tribo-films including iron oxides and carbon
compounds on the steel surface.
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Chapter 7: Tribological Properties of Protic Ionic Liquids as Additives
under Aluminum-Steel Contact
In chapter 6, the tribological performance of PIL-MO blends and PIL-BO blends
are evaluated under the steel-steel contact mode at room temperature. The use of any PIL
improved the lubricity and wear resistance of MO and BO at steel-steel contacts.
In order to understand the lubricating and anti-wear properties of these PIL-Oil
blends at aluminum-steel contacts, the frictional tests were conducted with the same
operating parameters. SEM, EDS, and Raman spectroscopy are also employed on the worn
aluminum surfaces to study the wear mechanisms of aluminum disks and understand the
lubrication mechanism of PILs as lubricant additives in aluminum-steel interfaces.
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7.1 Protic Ionic Liquids as Additives to a Non-Polar Base Oil
7.1.1 Friction Coefficient and Wear Rate
Figure 7.1 (A) displays the average values of friction coefficient using MO, MOA,
and each PIL+MO under aluminum-steel contacts. The presence of any PIL in MO reduced
the friction coefficient compared to MO. The maximum friction reduction of 63.30 % was
obtained when 1%Det+MO was used on aluminum surface compared to MO. The addition
of 1 wt.% benzenesulfonate-based PILs improved the lubricity of MO, showing a slightly
better or similar friction behavior with respect to MOA. Figure 7.1 (B) shows the wear rate
of aluminum disks treated with different lubricants. In contrast to the friction behavior, the
presence of benzenesulfonate-based PILs greatly enhanced the wear resistance of MO,
where the maximum wear reduction of 66.02 % were gained when 1%Ets+MO and
1%Eds+MO were used.

Figure 7.1: (A) Average friction coefficient of aluminum-steel contacts lubricated with
MO, MOA, and 1%PIL+MO; and (B) Wear rate of the aluminum disks after treated with
different lubricants.
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7.1.2 Wear Morphology on Aluminum Disks
Optical images of worn aluminum surfaces lubricated with MO, MOA, and PILMO blends are shown in Figure 7.2. Severe abrasive marks are seen on the worn surfaces
when tests are lubricated with MO and MOA. Slight plastic deformation can be seen at the
borders of all wear tracks. Corresponding to the lower wear rate shown in Figure 7.1 (B),
narrower and more uniform wear tracks can be observed when the linear alkyl
benzenesulfonate-based PILs-blends are employed on aluminum surfaces. No obvious
plastic deformation is detected along the tracks.

Figure 7.2: Optical images of wear tracks on the aluminum disks after sliding 108 m and
lubricated with MO, MOA, and 1%PIL+MO.
The maximum wear reduction obtained when 1 wt.% Ets and 1 wt.% Eds is present
in MO can be verified in the 3D images and 2D profiles of the worn aluminum surfaces in
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Figure 7.3. The addition of any of the PIL to MO greatly decreased the width and depth of
the wear track. When using MO and MOA, the wear track is quite severe as can be seen in
Figure 7.2 and Figure 7.3.

Figure 7.3: 3D profiles (displayed in the upper row) and 2D profiles (displayed in the
down row) of the wear tracks on worn aluminum disks after treated with various
lubricants.
7.1.3 Wear Mechanism and Surface Interactions between Lubricants and Aluminum Disks
In order to understand the wear mechanism of the aluminum surfaces and the
surface interactions between PIL-MO blends and aluminum substrate, SEM and EDS were
performed on the worn aluminum disks after lubricated with MO, 1%Eet+MO, 1%Ets+MO,
and 1%Eds+MO. SEM images and EDS spectra inside and outside the aluminum wear
track are displayed in Figure 7.4.
Comparing the SEM images, the wear track lubricated with 1%Ets+MO and
1%Eds+MO are narrower than the one treated with MO. The addition of Ets or Eds with a
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concentration of only 1 wt.% made the wear track much narrower and more superficial
with minimal abrasive marks compared to MO.

Figure 7.4: SEM micrographs of wear tracks on the aluminum disks after treated with
MO and each PIL-MO blend (displayed on the left); and EDS spectrum inside and
outside the wear track treated with various lubricants (displayed on the right).
From the EDS spectra in Figure 7.4, the surfaces lubricated with 1%Ets+MO and
1%Eds+MO exhibited slightly higher amount of oxygen and carbon inside the wear tracks
compared to MO. In order to further verify the oxygen- or carbon- tribo-films on aluminum
surfaces, Raman spectroscopy was performed and the Raman spectra inside and outside
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the wear track after a test treated with MO and 1%Eds+MO are shown in Figure 7.5. Very
weak peaks of aluminum oxide, Al2O3, were detected around 277 and 350 cm-1, which
agrees with the values from literature reference [114]. The spectrum intensity of D and G
bands in Figure 7.5 (B) were shown to be a slightly higher than in Figure 7.5 (A), which
corresponds to EDS results in Figure 7.4 that the amount of carbon probed inside the wear
track when lubricated with 1%Eds+MO is slightly higher than that using MO.

Figure 7.5: Raman spectrum inside and outside wear track on aluminum disks lubricated
with (A) MO and (B) 1%Eds+MO.
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7.2 Protic Ionic Liquids as Additives to the Polar Base Oil
7.2.1 Friction Coefficient and Wear Rate
In this section, the lubricating abilities and anti-wear properties of the PIL-BO
blends were studied under aluminum-steel contacts. The average values of friction
coefficient after using BO, BOA, and each 1%PIL+BO are plotted in Figure 7.6 (A).
Comparing Det and Dts, PIL that has a higher ionicity tends to better improve the
lubricating ability of BO. Particularly, the addition of Dds, the ionicity of whom is similar
to Dts but the alkyl chain length is longer, improved significantly the lubricity of MO,
showing the maximum friction reduction of 57.68 % with respect to MO. Figure 7.6 (B)
displays the wear rate of aluminum disks lubricated with different lubricants. The use of
any PIL could effectively enhance the wear resistance of MO, where the maximum wear
reduction of 76.42 % was obtained when 1%Eds+MO was employed.

Figure 7.6: (A) Average friction coefficient of aluminum-steel contacts lubricated with
BO, BOA, and 1%PIL+BO; and (B) wear rate of the aluminum disks after treated with
different lubricants.
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7.2.2 Wear Morphology on Aluminum Disks
Figure 7.7 shows the optical images of wear tracks on aluminum disks treated with
BO, BOA, and each PIL-BO blend. Abrasive marks can be seen from all wear tracks on
the worn aluminum surfaces. Compared to the wear tracks lubricated with MO in Figure
7.2, BO and BOA caused a higher amount of material loss compared to MO and MOA,
which is attributed to the tribo-corrosion caused by the oxygen compounds present in BO
and BOA reacting with aluminum surface. The tracks treated with the benzenesulfonatebased PILs blends were found to be narrower than the tracks lubricated with BO and BOA
(see the 3D and 2D profiles in Figure 7.8). Although the presence of PIL in BO reduced
the wear width on aluminum surface, the use of PIL-BO blends caused a higher wear rate
than PIL-MO. Therefore, the tribological behavior of blends depends mainly upon the
performance of the base oils.

Figure 7.7: Optical images of wear tracks on the aluminum disks after sliding 108 m and
lubricated with BO, BOA, and 1%PIL+BO.
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Figure 7.8: 3D profile (displayed in the upper row) and 2D profiles (displayed in the
down row) of the wear tracks on worn aluminum disks after lubricated with BO, BOA,
1%Eet+BO, 1%Ets+BO, and 1%Eds+BO.
7.2.3 Wear Mechanism and Surface Interactions between Lubricants and Aluminum Disks
For the purpose of analyzing the wear mechanism of the worn aluminum surfaces
and the chemical reactions took place between PIL-BO blends and aluminum substrate,
SEM and EDS were operated on the worn aluminum disks after treated with BO,
1%Eet+BO, 1%Ets+BO, and 1%Eds+BO. SEM images and EDS spectra inside and outside
the aluminum wear track are shown in Figure 7.9.
In the high magnification SEM images, plastic deformation was observed along the
borders of the wear tracks after a test lubricated with BO. The wear track lubricated with
1%Eds+MO is narrower and no plastic deformation was detected on the track borders. The
abrasive marks can be seen from all tracks shown in Figure 7.9. The one lubricated with
1%Eet+BO exhibited a milder abrasive trace long the sliding motion.
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Figure 7.9: SEM micrographs of wear tracks on the aluminum disks after treated with
various lubricants (displayed on the left); and EDS spectrum inside and outside the wear
track lubricated with BO and each PIL-BO blend (displayed on the right).
From the EDS spectra in Figure 7.9, the surfaces lubricated with 1%Eds+BO
showed a much higher amount of oxygen and carbon inside the wear tracks compared to
1%Ets+BO, followed by 1%Eet+BO and BO. This tendency corresponds to their capacity
to improve the anti-wear property of BO, which is 1%Eds+BO > 1%Ets+BO > 1%Eet+BO.
Since the aluminum oxide and D and G bands were detected inside the wear track when
treated with 1%Eds+BO, the Raman spectra shown in Figure 7.10 verified the generation
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of oxygen-richened and carbon richened tribo-films when Eds was added to the base oil,
BO.

Figure 7.10: Raman spectrum inside and outside wear track on aluminum disks
lubricated with (A) BO and (B) 1%Eds+BO.
7.3 Conclusions
In this section, the capacity of all the synthesized PILs as friction modifiers and
anti-wear additives were examined under the aluminum-steel contact. The presence of any
PIL can effectively reduce the friction coefficient and wear rate compared to the base oil,
no matter the mineral oil or the biodegradable oil. In particular, the PILs with higher
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ionicity and longer alkyl chain length get better results in terms of friction and wear in the
polar base oil.
The tribo-chemical reactions between PILs and the substrates are confirmed
through the EDS results, the aluminum oxides with carbon compounds are detected through
Raman spectroscopy when Eds was used as additive to base oils..
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Chapter 8: Comparison of Protic Ionic Liquids as Neat Lubricant and
Lubricant Additives
In chapter 6 and 7, the tribological properties of PILs as additives to a non-polar
mineral oil and a polar biodegradable oil are investigated at different materials interfaces.
In chapter 8, the comparison of PILs as neat lubricants and lubricant additives are expected
so that the three hexanoate-based PILs are selected.
8.1 Steel-Steel Contact
8.1.1 Friction Coefficient and Wear Rate
Average friction coefficient on the steel-steel contacts after frictional tests
lubricated with MO, MOA, neat PILs, and each 1 wt.% PIL+MO blend are shown in Figure.
8.1. In the previous discussion [81][110], the introduce of neat Eet, Met and Det on the
steel surface can effectively reduce friction coefficient with respect to the use of MO or
MOA. As an additive, the addition of any PIL in MO enhanced the lubricity of steel with
friction reductions around 19.50 % obtained compared to MO. Figure 8.1 (B) summarizes
the average wear rate of steel disks, using MO, MOA, neat PILs, and 1%PIL+MO blends
as lubricants. Steel disks treated with any neat PIL showed lower wear rate than those
lubricated with MO or MOA. Neat Eet exhibited excellent anti-wear performance with the
highest wear reduction. The three PIL-MO blends also showed better wear resistance with
respect to MO, where the wear reductions up to 48 % were achieved. Although neat PILs
are more effective in reducing wear rate on steel compared to that as additives, all the PILMO blends showed similar wear performance to that obtained when MOA is used.
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Figure 8.1: (A) Average friction coefficients of steel-steel after lubrication tests treated
with MO, MOA, neat PILs, and 1%PIL+MO, and (B) wear rate of steel disks after sliding
tests with various lubricants.
Figure 8.2 (A) shows the average values of friction coefficient of steel-steel
contacts after tests lubricated with BO, BOA, neat PILs, and each 1%PIL+BO blend. The
use of any neat PIL reduced friction coefficient with respect to BO or BOA, showing
maximum friction reductions of 57 % and 36 % compared to BOA when Eet and Met was
used as a lubricant, respectively. Det presented the lowest friction reduction, probably due
to its more ionic nature which would promote tribo-corrosion reactions on the steel surface
[75]. While, the effects of the three PILs as additives are quite different. The addition of
only 1 wt.% Det in BO reduced friction coefficient up to 69 % compared to BO and 61 %
with respect to BOA. But Eet and Met performed better as neat lubricants. Figure 8.2 (B)
plotted the average values of wear rate of steel disks after using with BO, BOA, neat PILs,
and each 1%PIL+BO blend. The addition of any PILs to BO reduced wear rate one order
of magnitude compared to BO, reaching similar wear rates of these obtained with the
commercially available BOA. After analyzing the wear rates of the contact steel disks
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obtained when PILs are used as neat lubricants, the wear rates showed the same tendency
as the PILs conductivity (ionicity), with the higher wear reduction obtained with the PIL
with lower conductivity, Eet. This PIL was able to reduce the wear rate 95 % and 67 %
compared to BO and BOA respectively.

Figure 8.2: (A) Average friction coefficients of steel-steel after lubrication tests treated
with BO, BOA, neat PILs, and 1%PIL+BO, and (B) wear rate of steel disks after sliding
tests with various lubricants.
8.1.2 Wear Morphology on Steel Disks
Optical images of the wear tracks after frictional tests lubricated with MO, BO, neat
Eet and Det, and 1%PIL-Oil blends can be seen in Figure 8.3. Abrasive marks with
plastically deformed material accumulated along the borders can be obtained on all the
wear tracks. The wear tracks treated with neat Eet and Met led to much narrower and more
uniform wear tracks compared to that gained with MO and MOA (see the 3D and 2D
profiles in Figure 8.4).
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Figure 8.3: Optical images of wear tracks on the steel disks after sliding 108 m and
lubricated with MO, BO, neat PILs, and PIL-Oil blends.
With respect to MO, the use of neat Eet and Met decreased the wear track width of
41.80 % and 27.30 %, leading to important reductions in the wear rate. When neat Det was
used, corrosion was observed inside of the wear track on the steel disks. The higher ionic
nature of Det may be responsible to the corrosive attack, resulting in a higher wear rate. In
addition, severe wear, visible abrasion marks, and fatigue cracks appeared when the track
was treated with BO. However, the wear track became negligible with only superficial
abrasion scrtches when neat Eet was used on the steel surface, as can be clearly seen in
Figure 8.5. No significant differences can be observed between the wear tracks when
lubricated with different PIL-Oil blends.
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Figure 8.4: 3D profile (displayed in the upper row) and 2D profiles (displayed in the
down row) of the wear tracks on worn steel disks after lubricated with MO, MOA, neat
PILs, and PIL-MO blends.

Figure 8.5: 3D profile (displayed in the upper row) and 2D profiles (displayed in the
down row) of the wear tracks on worn steel disks after lubricated with BO, BOA, neat
PILs, and PIL-BO blends.
8.1.3 Wear Mechanism and Surface Interactions between Lubricants and Steel Disks
SEM micrographs of the worn tracks on steel disks after lubricated with MO, BO,
neat PILs, and PIL+Oil blends are shown on the left side of Figure 8.6; and their
corresponding EDS analysis that detected for both inside and outside the wear tracks are
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revealed on the right side of Figure 8.6. When the wear tracks were treated with MO and
BO, the plastically deformed materials are observed along the edges of the wear tracks; but
severe three-body abrasive wear appears when BO was used. Lubricating with any neat
PIL reduced wear and changed the wear mechanism from severe abrasive to mild adhesive
compared to BO.
Comparing the EDS results, a much higher amount of carbon was detected inside
the wear track when lubricated with neat Eet, which confirms the tribo-chemical reactions
between Eet and the component elements of the contact steel. The carbon-richened tribofilm should be responsible for the superior wear resistant properties of neat Eet. Meanwhile,
a higher amount of oxygen was found inside the wear track when the steel disk was
lubricated with neat Det and 1% Det+MO. The oxygen-richened tribo-film was able to
generate on top of the steel surface when Det was used as neat lubricant or additive. The
reason of this phenomenon can be attributed to the more ionic nature of Det. Only a small
amount of this PIL is enough to form a protective layer that avoids detrimental tribocorrosion reactions with the steel surface [115].
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Figure 8.6: SEM micrographs of wear tracks on the steel disks after lubricated with MO,
BO, neat PILs, and PIL-Oil blends (displayed on the left); and EDS spectrum inside and
outside the wear track treated with various lubricants (displayed on the right).
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8.2 Aluminum-Steel Contact
8.2.1 Friction Coefficient and Wear Rate
Figure 8.7 (A) shows the average friction coefficient of the aluminum-steel system
with lubrication of MO, MOA, neat PILs, and PIL-MO blends. Figure 8.7 (B) summarizes
the average values of wear rate for each aluminum disk after lubricated with each lubricant.
Comparing the tribological properties of neat PILs in Figure 8.7, only the of Eet
and Met reduced the friction coefficient and wear rate with respect to the commercial
lubricants MOA and BOA, and their corresponding base oils. Particularly, Eet, with the
lowest ionicity, obtained the maximum wear reduction of 83.42 % and 76.63 % with
respect to MO and MOA, respectively. The use of neat Det, probably due to its relatively
higher ionicity, leads to a high friction coefficient and quite a large amount of material lost
on the aluminum-alloy substrate. However, the effectiveness of Det as friction modifier
was demonstrated when added to MO, where a friction reduction of 63.30% was obtained
compared to MO. Also, opposite to the friction-reducing ability of neat PIL which is Eet >
Met > Det, 1%Det+MO blend exhibits the lowest friction coefficient, followed by
1%Met+MO, and 1%Eet+MO [116].
Regarding the wear rate, although neat Det exhibited the poorest wear behavior, it
has been proved to be an effective anti-wear additive either in non-polar base oil MO or
polar base oil BO. 1%Det+MO obtained a wear reduction of 30.83 % with respect to MO.
It is likely because neat Det with a higher ionicity is more reactive to the contact aluminum,
but the addition of a small amount of Det prevented the intense tribo-chemical reactions
between steel and aluminum surfaces and reduced wear.

124

Figure 8.7: (A) Average friction coefficients of aluminum-steel after lubrication tests
treated with MO, MOA, neat PILs, and 1%PIL+MO, and (B) wear rate of aluminum
disks after sliding tests with various lubricants.
The average friction coefficient of aluminum-steel contact and the wear rate of
aluminum disk after lubricated with BO, BOA, neat PILs, and PIL+BO blends are
summarized in Figure 8.8. In Figure 8.8 (B), the addition of any hexanoate-based PIL in
BO, reduced remarkably the wear rate of aluminum disks with respect to the BO. When
the PILs are used as additives to BO, no major differences were found between each
PIL+BO blend in terms of friction. Instead of being used as neat PIL, Det, due to its more
ionic nature, performed much better when used as an additive to BO.
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Figure 8.8: (A) Average friction coefficients of aluminum-steel after lubrication tests
treated with BO, BOA, neat PILs, and 1%PIL+BO, and (B) wear rate of aluminum disks
after sliding tests with various lubricants.
8.2.2 Wear Morphology on Aluminum Disks
Figure 8.9 shows the optical images of the wear tracks on aluminum disks after
treated with MO, BO, neat PILs, and PIL-Oil blends. When neat MO and BO are served
as lubricants, adhesive wear with severe abrasion can be observed on the worn aluminumsurfaces. Deep scuffing grooves and peeling appeared when BO was used. However, neat
Eet made the wear track extremely superficial with only minimal abrasive wear marks on
it. The addition of PILs MO changed the wear mechanism from adhesive wear to abrasive
wear.
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Figure 8.9: Optical images of wear tracks on the aluminum disks after sliding 108 m and
lubricated with MO, BO, neat PILs, and PIL-Oil blends.
The 3D morphology and 2D profiles of the wear tracks on aluminum disks are
collected in Figure 8.10 and Figure 8.11. The use of neat BO, BOA, and Det led to a deeper
and wider wear track compared to other lubricants. It can be clearly seen that PIL+BO
blends caused more material loss than the PIL+MO blends, which demonstrates that the
wear performance of PIL+Oil blends is greatly dependent on the wear resistance of the
base oil.

Figure 8.10: 3D profile (displayed in the upper row) and 2D profiles (displayed in the
down row) of the wear tracks on worn aluminum disks after lubricated with MO, MOA,
neat PILs, and PIL-MO blends.
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Figure 8.11: 3D profile (displayed in the upper row) and 2D profiles (displayed in the
down row) of the wear tracks on worn aluminum disks after lubricated with BO, BOA,
neat PILs, and PIL-BO blends.
8.2.3 Wear Mechanism and Surface Interactions between Lubricants and Aluminum Disks
In the same way, SEM and EDS were also employed to study the wear mechanism
of the worn aluminum-disks and to understand the lubricating mechanism related to PILs.
The SEM images and EDS results are summarized in Figure 8.11. Corresponding to the
optical images and the 3D profiles, when the aluminum disk was lubricated with MO and
BO, severe adhesive wear marks were observed on the worn aluminum surfaces with strong
plastically deformed material formed along the borders. EDS results showed that higher
amount of carbon and oxygen are detected inside the wear track when treated with MO and
BO. The small amount of carbon and oxygen should be probably from the base oil and the
oxidation on the aluminum surfaces, respectively [81], [109].
When neat PILs or PIL additives are used, the resulted wear track is more uniform
than the one lubricated only with MO or BO. Particularly, the use of neat Eet made the
wear track narrower and shallower, and a higher level of carbon and oxygen were detected
inside of the wear track when lubricated with Eet. This difference confirms a tribo128

chemical reaction happened between Eet and aluminum alloy surface [81], [91], [110],
leading to a tribo-film formed consequently to protect the aluminum substrate from wear.
It also explained why the use of neat Eet obtained the least material loss in Figure 8.7. In
the contrary, the use of neat Det made the wear track much wider. It is likely because Det,
with the highest ionicity, promote the tribo-corrosion reactions with the chemically active
aluminum alloys. However, a small amount of Det is enough to react with the aluminum
substrate to form a protective tribo-film that avoids damaging tribo-corrosion reactions.
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Figure 8.12: SEM micrographs of wear tracks on the aluminum disks after lubricated
with MO, BO, neat PILs, and PIL-Oil blends (displayed on the left); and EDS spectrum
inside and outside the wear track treated with various lubricants (displayed on the right).
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8.3 Conclusions
In this chapter, the tribological properties of the hexanoate-based PILs as neat
lubricants and additives to the non-polar and polar base oils are evaluated in steel-steel and
aluminum-steel contacts.
In steel-steel contact, the use of neat PILs reduced friction coefficient and wear rate
compared to the base oils. Det, with the highest ionic strength, presents the lowest friction
and wear reduction. As additives, the presence of PILs improved the lubricity and antiwear properties of the non-polar base oil. In the polar base oil, Det whose ionicity is the
highest among the three PILs, performed better as an additive than a neat lubricant.
In aluminum-steel contact, Eet that possess the highest extent of hydrogen bonding
but the lowest ionicity, performed better as a neat lubricant than lubricant additives in terms
of friction and wear, no matter the base oil is non-polar or polar. Det with the highest
ionicity but the lowest extent of hydrogen bonding, performed much better as an additive
than as a neat lubricant.
The wear performance of PIL blends on aluminum substrate are also greatly
dependent on the base oil selected. PILs added in polar base oil caused higher wear rate
than that when they are used in the non-polar base oil.
Tribo-chemical reactions between PILs and the sliding substrates are confirmed
through the EDS results, and the tribo-films formed on the top of the steel and aluminum
surfaces are responsible for their low wear rate.

131

Chapter 9: Contribution and Future Work
9.1 The Key Contribution
The research, development, and application of advanced lubricants will effectively
save the worldwide energy consumption, consequently lower carbon dioxide emissions,
and significantly reduce the economic losses. Meanwhile, the research on highperformance and low-toxic lubricants is an important direction of the sustainable
lubrication in the future. Protic ionic liquids, due to their facile synthesis routes and
outstanding physicochemical properties, have shown great potential as novel lubricants and
lubricating additives in industry. Therefore, it is essential to understand the fundamental
knowledge for the molecular design of more effective PILs, and elucidate the relationship
between their physicochemical properties and the tribological performance under specific
operating conditions.
Three families of PILs that are derived from different acids with varying acidity
and alkyl chain length and hydroxyl-alkyl amines with differing basicity were synthesized
and characterized. The first section of this study examines the physicochemical properties
of PILs such as ionicity, thermal behaviors including thermal stability, dynamic viscosity,
and solubility and stability in base lines with different polarity. In the second section, the
lubricating ability and wear-proof capacity of neat PILs and PIL-Oil blends are evaluated
under the steel-steel and aluminum-steel systems. The third section is to characterize the
wear mechanism of the sliding work components and understand the lubricating
mechanism when PILs are introduced to the tribological systems.
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9.1.1 Effects of Molecular Structures and Chemistry of PILs on Their Physicochemical
Properties
1. In terms of ionicity, PILs derived from strong alkyl-benzenesulfonic acids
present a higher ionic conductivity than the PILs obtained from a weak acid. Comparing
the alkyl benzenesulfonate-based PILs, the ionic conductivity increases with the increment
of temperature for each PIL. The chain length of the anion alters, to some extents, the ionic
strength of the resulting benzenesulfonate-based PIL, where the longer alkyl chain length
the lower extent of ionicity. The basicity of the alkanol amines also affects the PILs’
ionicity where the amine with the highest base strength will lead to the corresponding PIL
with a higher extent of ionicity within a specified temperature range.
2. The PILs formed by strong benzenesulfonic acids have a much higher thermal
stabilities than the hexanoate-based PILs obtained from weak 2-ethylhexanoic acid. The
alkyl chain length has little impact on the thermal stability when comparing the onset
decomposition temperatures of benzenesulfonate-based PILs. Particularly, instead of the
acids, the basicity of the alkanol amines is also found to highly impact the thermal stability
of their corresponding PILs. PIL has a higher base strength corresponds to a higher thermal
stability probably due to its higher extent of ionic bond strength among its molecules.
3. Viscosity of a neat PIL is found to greatly depend on its hydrogen bond strength
where a PIL has a higher extent of hydrogen bonding among molecules presents a higher
value of viscosity. In addition, viscosity of a PIL is also controlled by its molecular
structures, showing that a long alkyl chain on the anion increases significantly the viscosity
of the PIL. This is likely because the increased intermolecular forces are formed when the
alkyl chain of a PIL is lengthened.
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4. For the solubility and stability tests, visual deposit can be obtained on the bottom
of the capsule when each 1% PIL+Oil blend stand for 720 hours no matter the base oil is
non-polar or polar. Compared to the polar base oil, the PIL aggregation is more apparent
in the non-polar mineral oil.
9.1.2 Effectiveness of PILs as Neat Lubricants and Additives at Different Materials
Interfaces
1. In addition to the physicochemical properties, the lubrication properties of PILs
under boundary lubrication regime are also dependent on the properties of the base
lubricants and the materials of the contact pairs.
2. As neat lubricants, PILs with high extent of hydrogen bond strength but low
ionicity lead to excellent friction and wear behavior in both steel-steel and aluminum-steel
contacts. In steel-steel contact, Det whose ionicity is the highest among the hexanoatebased PILs presents the lowest friction and wear reduction. Also, the use of Det, probably
due to its relatively higher ionicity, leads to a large amount of material lost on the
aluminum-alloy substrate.
3. As additives, the use of any PIL yields important friction and wear reduction
compared to the base lubricants. Compared to the non-polar oil, the addition of PILs to
polar base oil exhibited higher improvement in terms of friction and wear in steel-steel
contact. Particularly, the benzenesulfonate-based PILs, with high extent of ionic strength,
have been proved to significantly lower the wear rate when present in the polar base oil.
Under the aluminum-steel contact, PILs with higher ionicity and longer alkyl chain length
get better results in terms of friction and wear in the polar oil.

134

4. Comparing neat PILs and PILs as additives, the use of neat PILs reduced
remarkably friction coefficient and wear rate compared to the base oils in steel-steel contact.
In addition, the presence of PILs improved the lubricity and anti-wear properties of the
base oils. Particularly, Det with the highest ionicity performed bettered as an additive than
as a neat lubricant in the polar base oil.
Also, in the aluminum-steel contact, Eet that possesses the highest extent of
hydrogen bonding but the lowest ionicity, performed better as a neat lubricant than
lubricant additive in terms of friction and wear, no matter the base oil is non-polar or polar.
Det with the highest ionic strength but lowest extent of hydrogen bonding, performed much
better as an additive than as a neat lubricant.
9.1.3 Wear and Lubricating Mechanism Related to PILs in Lubrication
Abrasive wear and plastic deformation along the track borders can be observed
from most of the worn steel and aluminum surface when neat PILs are used or PILs are
introduced to the non-polar or polar base oil. Particularly, at aluminum-steel contacts,
adhesive wear with severe abrasion is found to transfer into mild abrasive wear when PILs
are added to the non-polar oil. Also, severe abrasive grooves and small pits disappeared
when PILs are present in the polar base oil. The PIL induced tribo-films containing carbon
and oxygen that are formed on top of the steel and aluminum surfaces have been proved
through the EDS analysis, which is believed to be responsible to the outstanding friction
reducing and wear resistant performance when PILs are present in the studied tribological
systems. Particularly, the tribo-films comprised of Fe2O3, Fe3O4, and carbon compounds
was verified with Raman spectroscopy when Eds is added to the non-polar or polar base
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oil. Similarly, Al2O3 and carbon compounds are detected on aluminum surfaces when
additive Eds is used in both base oils.
9.2 Response to Hypothesis of PILs in Lubrication
In this research, the varying ionicity of PILs and the strength of hydrogen bond
between the molecules of different PILs as well as the various alkyl chain length of PILs
are believed to impact on their tribological performance. Also, the materials of contacting
pairs and the polarity of the base lubricants would also affect the tribological behavior of
PILs. With these in mind, two hypothesis are proposed in this study. In the first place, the
hydrogen bonding within PILs would facilitate the physical adsorption on the substrate
surface to reduce friction. Then, the PIL with high ionicity would promote the tribochemical reactions between the PIL and sliding surfaces to generate a tribo-film and reduce
wear.
The tribological behavior of neat hexanoate-based PILs approves the first
hypothesis, where PILs with high extent of hydrogen bonding are demonstrated to lower
friction effectively in both steel-steel and aluminum-steel contacts. However, PIL with the
highest ionic strength (ionicity) presents the lowest wear reduction with respected to the
base oils in steel-steel contact, and leads to a large amount of material lost on the
aluminum-alloy substrate. In contrast, when the hexanoate-based PILs are used as additives,
the ones with the high extent of hydrogen bonding tend to exhibit the low friction reduction.
The PILs with high ionicity improves significantly the anti-wear property of the polar base
oil in the aluminum-steel contact.
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Comparing the friction and wear behavior of PILs as additives, their tribological
performance is complicated which is greatly dependent on the property of the base
lubricants and the materials of the contacting pairs in the tribological systems.
9.3 Future Work
The fundamental knowledge for the molecular design of more effective and lower
toxic PILs as neat lubricants and lubricant additives has been discussed in my current work.
The dependence of tribological performance on the chemistry of PILs is systematically
investigated. However, there are still some key questions need to be addressed in the future.
1. As I mentioned, the induced stress and activated thermal energy at sliding
interfaces would probably affect the chemistry of PILs and consequently lead to different
tribological performance. Given that, different loads and operating temperatures can be
designed to investigate the friction and wear behaviors related to PILs.
2. Although the macro-scale tribological performance of these PILs has been
evaluated and discussed in detail, there is still a blank of the lubricating mechanisms related
to PILs in a micro-scale lubrication. To identify the relationship between the molecular
structures and the micro/nano-scale tribological performance of the three families of PILs,
the in-situ atomic force microscopy experiments can be employed. Furthermore, the
composition of the resulted tribo-films generated from the reaction between PILs and the
metal surfaces can be examined through XPS and Raman spectroscopy. The
interrelationship between chemical changes of the PILs, their chemical reactivity at metal
interfaces during sliding motion, and nanomechanical properties of the tribologicallyinduced reaction layers can be thorough investigated.
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3. The frictional tests have been designed and conducted systematically to study the
tribological performances of PILs being used as neat lubricants and additives. With the
development of simulation tools, the application of theoretical and numerical experiments
in the fields of tribology has been gradually increasing. Also, the computational costs are
relatively low with respect to the traditional experiments. Therefore, it is worthwhile to
conduct simulation analysis of the sliding process to further explain the findings presented
in my current work. The load capacity of the lubricating film related to PILs and the shear
stress between the lubricant layers can be evaluated using finite element method (FEM). In
addition, the density-functional theory (DFT), as a computational quantum chemical and
mechanical modelling method, and molecular dynamic simulation would help to
understand the surface adsorption behaviors of PILs at different material interfaces to
explain the variations of the friction performance.
4. In this work, the results have demonstrated the superior tribological properties
and promising potential for these PILs to be used as neat lubricants and additives. However,
there is still a large distance between the research of PILs in lubrication and their practical
applications in industry. For example, the commercial lubricant additives are required to
have good solubility or stability in the base lines. The PILs with higher ionicity and
molecular weight tend to aggregate and deposit on the bottom. So new molecular design
or modification of the current PILs is needed to enhance the solubility and stability of PILs
in the base stocks. Through the collaboration with Dr. Jose Luis Viesca [117], the
biodegradability and toxicity of the hexanoate-based and dodecylbenzenesulfonate-based
PILs have been examined. Generally, the biodegradability of the hexanoate-based PILs is
better than the benzenesulfonate-based ones. Meanwhile, all the six PILs show lower
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toxicity than ZDDP which is a commonly used lubricant additive. In view of the increasing
demand for environmental protection, the toxicity of PILs needs to be paid more attention
to, where the toxic elements have to be avoided by redesigning the molecular of PILs.
This future work means to reveal the lubricating mechanism of PILs form microscale and exert tribological simulations to better understand the results from the frictional
experiments. The social impact focuses on establishing the effective and predictive design
of PILs for the next-generation lubricants of commercial usage, which could contribute to
increasing manufacturing productivity and improving the efficiency of energy usage.
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APPENDIX
The film thickness ratio (λ) is used to estimate the lubrication regime under a
specific lubrication system. In general, when λ > 3, the system is supposed to work in the
hydrodynamic or elastohydrodynamic lubrication regime; when 3 ≥ λ ≥ 1, the system works
in the mixed lubrication regime; and when λ < 1, it is the boundary lubrication regime. The
study is to investigate the tribological properties of PILs under a boundary lubrication
regime, so the operating parameters in this research are well designed accordingly.
𝜆=

ℎ𝑚𝑖𝑛
√(𝑅12 + 𝑅22 )

In the formula up there, hmin is the minimum film thickness, and R1 and R2 are roughness
of surfaces in contact. Regarding the elliptical contact, the following formulas that
developed by Hamrock and Dowson have been used to calculate the minimum film
thickness [118].
ℎ𝑚𝑖𝑛
= 3.63𝑈 0.68𝐺 0.49𝑊 −0.073(1 − 𝑒 −0.68𝑘 )
𝑅′
𝑈=

0 𝑢 0
𝐸′𝑅′

𝐺 = 𝛼𝐸′
W=

𝐹
𝐸′𝑅′2

Among the parameters, R’ is the effective radius, k is the ellipticity parameter, 0 is the
lubricant dynamic viscosity at atmospheric pressure and certain temperature, u0 is the mean
speed of the two contact surfaces,  is the pressure-viscosity coefficient at a certain
temperature, and F is the normal load.
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Table A.1 Lubrication regime estimation for each lubricant at steel-steel contacts.

Lubricant
MO

U 10-12
8.56

MOA

8.61

G

W

k

hmin 10-9

λ 10-3

Lubrication
Regime

3150

2.54 

10-5

1

4.48

7.34

Boundary

3150

2.54 

10-5

1

4.50

7.38

Boundary

10-5

1

4.30

8.0

Boundary

BO

7.74

3150

2.54 

BOA

7.87

3150

2.54  10-5

1

4.35

8.1

Boundary

1%Eet+MO

8.73

3150

2.54  10-5

1

4.54

7.44

Boundary

10-5

1

4.50

7.36

Boundary

1%Met+MO

8.58

3150

2.54 

1%Det+MO

8.30

3150

2.54  10-5

1

4.39

7.20

Boundary

1%Ets+MO

8.35

3150

2.54  10-5

1

4.52

8.4

Boundary

1%Mts+MO

8.30

3150

2.54  10-5

1

4.51

8.4

Boundary

10-5

1

4.49

8.4

Boundary

1%Dts+MO

8.24

3150

2.54 

1%Eds+MO

8.82

3150

2.54  10-5

1

4.70

8.8

Boundary

1%Mds+MO

8.82

3150

2.54  10-5

1

4.69

8.8

Boundary

1%Dds+MO

9.60

3150

2.54  10-5

1

4.97

9.3

Boundary

10-5

1

4.52

8.4

Boundary

1%Eet+BO

8.34

3150

2.54 

1%Met+BO

8.20

3150

2.54  10-5

1

4.47

8.3

Boundary

1%Det+BO

7.93

3150

2.54  10-5

1

4.37

8.1

Boundary

1%Ets+BO

8.22

3150

2.54  10-5

1

4.48

8.4

Boundary

10-5

1

4.46

8.3

Boundary

1%Mts+BO

8.16

3150

2.54 

1%Dts+BO

8.11

3150

2.54  10-5

1

4.44

8.3

Boundary

1%Eds+BO

9.00

3150

2.54  10-5

1

4.76

8.9

Boundary

3150

2.54 

10-5

1

4.73

8.8

Boundary

10-5

1

5.16

9.6

Boundary

1%Mds+BO

8.90

1%Dds+BO

1.01

3150

2.54 

Eet

8.51  102

3360

2.54  10-5

1

1.06  102

1.73  102

Boundary

Met

8.82  101

3360

2.54  10-5

1

2.26  101

3.70  101

Boundary

3150

2.54 

1

3.47  10

5.69  10

Boundary

Det

5.88

10-5

* α(MO) = 15 GPa . Since MOA, BO, BOA, PIL-Oil blends and Det have similar viscosities with MO, we
-1

assumed α value for each of them is 15 GPa-1. According to reference [119][61], the pressure-viscosity
coefficient (α) of Eet and Met are assumed to be 16 GPa-1 due to their higher viscosities.
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Table A.2 Lubrication regime estimation for each lubricant at aluminum-steel contacts.

Lubricant
MO

U 10-11
1.46

MOA

1.55

G

W

k

hmin 10-9

λ 10-3

Lubrication
Regime

1096.5

7.30 

10-5

1

4.65

8.7

Boundary

1096.5

7.30 

10-5

1

4.80

9.0

Boundary

10-5

1

4.63

8.6

Boundary

BO

1.47

1096.5

7.30 

BOA

1.49

1096.5

7.30  10-5

1

4.68

8.7

Boundary

1%Eet+MO

1.58

1096.5

7.30  10-5

1

4.87

9.1

Boundary

10-5

1

4.82

9.0

Boundary

1%Met+MO

1.55

1096.5

7.30 

1%Det+MO

1.50

1096.5

7.30  10-5

1

4.71

8.8

Boundary

1%Ets+MO

1.58

1096.5

7.30  10-5

1

4.88

9.1

Boundary

1096.5

7.30 

10-5

1

4.86

9.1

Boundary

10-5

1

4.83

9.0

Boundary

1%Mts+MO

1.57

1%Dts+MO

1.56

1096.5

7.30 

1%Eds+MO

1.67

1096.5

7.30  10-5

1

5.06

9.4

Boundary

1%Mds+MO

1.67

1096.5

7.30  10-5

1

5.06

9.4

Boundary

1096.5

7.30 

10-5

1

5.36

10.0

Boundary

10-5

1

4.74

8.8

Boundary

1%Dds+MO

1.82

1%Eet+BO

1.52

1096.5

7.30 

1%Met+BO

1.48

1096.5

7.30  10-5

1

4.66

8.7

Boundary

1%Det+BO

1.45

1096.5

7.30  10-5

1

4.60

8.6

Boundary

1096.5

7.30 

10-5

1

4.83

9.0

Boundary

10-5

1

4.80

9.0

Boundary

1%Ets+BO

1.56

1%Mts+BO

1.55

1096.5

7.30 

1%Dts+BO

1.54

1096.5

7.30  10-5

1

4.78

8.9

Boundary

1%Eds+BO

1.70

1096.5

7.30  10-5

1

5.13

9.6

Boundary

1096.5

7.30 

10-5

1

5.09

9.5

Boundary

10-5

1

5.56

10.4

Boundary

1%Mds+BO

1.69

1%Dds+BO

1.92

1096.5

7.30 

Eet

2.45  102

1169.6

7.30  10-5

1

1.20  102

2.00  102

Boundary

Met

2.54  101

1169.6

7.30  10-5

1

2.56  101

4.27  101

Boundary

1096.5

7.30 

1

3.93

6.55

Boundary

Det

1.69

10-5

* α(MO) = 15 GPa-1. Since MOA, BO, BOA, PIL-Oil blends and Det have similar viscosities with MO, we
assumed α value for each of them is 15 GPa-1. According to reference [119][61], the pressure-viscosity
coefficient (α) of Eet and Met are assumed to be 16 GPa-1 due to their higher viscosities.
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